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Atomic layer deposition (ALD) is a Chemical Vapor Deposition (CVD)-based technique for 
high-quality thin film deposition. CVD is a method in which gaseous precursors are 
simultaneously fed into a reaction chamber. Typically, heat or plasma is utilized to activate 
a chemical reaction on a substrate surface, and a thin film is deposited.1  In ALD, precursors 
are alternately pulsed on a substrate surface. In between the pulses, the precursor gases 
are purged away with an inert gas.2 This way the precursors are chemisorbed on the 
substrate surface and react with the second precursor on that surface, enabling saturative 
steps. This means that the same amount of film is deposited on the substrate during each 
pulse. When the steps are saturated, the growth mechanism becomes self-limiting and film 
thickness can be determined with the number of repetitions of the pulse-purge sequence.3 
The saturative nature of the technique also allows for exceptional conformality and 
uniformity over large areas. The main limitation of ALD is its low deposition rate, and batch 
processing is employed to ensure larger throughput.4 
In addition to chemical processes, physical deposition processes can used as thin film 
deposition methods for some materials. In Physical Vapor Deposition (PVD), solid or liquid 
material is vaporized and transported through a low pressure environment onto the 
substrate, where it condenses. Examples of PVD are vacuum evaporation and sputtering, 
for example. These techniques, however, deposit material in a line-of-sight fashion, which 
leads to poor step coverage. 
Conformality, pinhole-freeness and reproducibility are both key attributes of ALD and 
essential features for thin films for numerous applications. Unfortunately, ALD processes 
for certain materials could not have been developed. For example, the fabrication of 
smooth 2D thin films, metal-organic framework films, and some first-row transition metal 
films has been problematic. ALD thin films can, however, be converted, after their 
deposition. Upon conversion the state, appearance, or composition of an ALD film changes 
from the original material and structure. This can occur when a film is stored under ambient 
air and oxidises or when it encounters high temperatures and its crystallinity changes from 
amorphous to crystalline, for example. Conversion of ALD thin films is often perceived as a 
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undesired incident, and films are even developed to prevent other materials from 
converting.5–7 On the contrary, conversion can also be a tool for modifying an existing film 
to a different, desired material, while keeping the superior features of an ALD thin film.  
This thesis studies primarily chemical conversions of selected ALD thin film materials. 
Ruthenium, rhenium, aluminum oxide, zinc oxide, and zirconium oxide and their 
conversions are examined in the following sections. These materials are examples of a 
variety of conversion reactions and show great promise to benefit from them because they 
facilitate or even enable the materials to exist as thin films. For example, the deposition of 
RuO2 by ALD is a very sensitive and slow process, and the control of parameters to obtain 
this film is extremely challenging. ReO3 has not been obtained by ALD. Alumina grass is a 
self-standing, three-dimensional structure that cannot be achieved through ALD, but the 
features of which can be controlled by having a precise Al2O3 film as initial material. Finally, 
ALD of metal-organic thin films such as UiO-66 or ZIF-8, has not been possible. 
The literature review of this thesis describes the advantages of each selected material and 
why they would benefit from a thin film form produced through conversion. It also 
concentrates on the methods that have previously been utilized to fabricate these 
materials and enlightens some of the key factors enabling the syntheses. The experimental 
section of this thesis describes studies on conversions of ALD Ru to RuO2, Re to ReO3, ZrO2 
to UiO-66, ZnO to ZIF-8, and Al2O3 to a grass-like structure by simple reactions. Conversion 
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Literature review 
2 Atomic layer deposition (ALD) 
 
Chemical vapor deposition (CVD) is a technique in which gas-phase precursors react on a 
substrate surface to form a film. In CVD, gaseous precursors and reactants are fed into the 
reaction chamber simultaneously. Reactions need to be activated with additional energy, 
such as heat or plasma, and a thin film is deposited on the substrate. Because of the 
simultaneous introduction of precursors into the reaction chamber, the reactions can be 
controlled by precursor diffusion or reaction kinetics and precise film thickness control is 
not evident.1 
Atomic layer deposition (ALD) is a CVD-based technique for depositing thin films of various 
materials. Contrary to CVD, the precursors are pulsed alternately into the reaction 
chamber. Thus, the method is based on sequential pulsing of precursor gases onto a 
substrate, followed by saturative surface reactions or chemisorption of the precursors. The 
distinctive feature of ALD is its self-limiting, irreversible surface reactions, which allow 
atomic level thickness control and excellent film uniformity and conformality even on large 
substrates with complex geometries.8,9 
ALD was first introduced by Suntola in the 1970s as atomic layer epitaxy.10 It was originally 
used as a tool for manufacturing ZnS electroluminescent flat-panel displays, and the first 
ones operated in Helsinki-Vantaa airport from 1983 to 1998.11 ALD research in the late 
1980s focused mainly on fabrication of III-V compounds but no significant breakthroughs 
were made to surpass competing film deposition techniques. Silicon-based 
microelectronics re-sparked interest in ALD in the late 1990s, for the method seemed 
suitable for precise miniaturization of devices and creating new thin film materials.12 Today, 
ALD has been a vital tool in the semiconductor industry with numerous applications, such 
as high-k dielectrics13–15 and Cu metallization in interconnect technology16,17.  It has also 
played an important role in the photovoltaic industry18–20,  biomedical industry21–23, 
manufacturing of micro-electro-mechanical systems4, and protective coatings24,25.  
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A typical ALD process consists of four steps (Figure 1).  First, a typically metal-containing 
precursor is introduced into the reaction chamber under vacuum. With a sufficient dose 
and pulse time, the precursor reacts with all available active surface sites and forms a layer 
of material on the substrate. Next, the excess precursor and reaction byproducts are 
purged from the reaction chamber with an inert gas or simply pumped away to ensure that 
reactions happen only at the substrate surface. After this, a second, typically nonmetal, 
precursor is introduced to the reaction chamber and reacts with the first layer of material. 
Again the excess precursor and reaction byproducts are purged from the reaction chamber, 
ideally leaving a monolayer (ML) of the desired material on the substrate. Theoretically film 
growth occurs one layer at a time. In practice, the growth per cycle (GPC) is about 0.5ML 
or less, due to steric hindrances and a limited amount of reactive surface sites. The 
thickness of the film can be controlled simply by repeating a cycle consisting of these four 
steps a selected number of times, forming the film in a layer-by-layer manner. Binary 
reaction sequences are the most representative ALD processes, though more than two 
precursors and reactants may also be used.1 
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Deposition rates in ALD are about 100 nm/h even in good processes, which leads to long 
process times and sets limits to industrial applications.4 Since slowness is the main 
drawback of ALD, methods to shorten process times have been studied and batch ALD, 
spatial ALD, and process engineering have been the three key solutions to the problem. 
Optimization of the tool flow dynamics and the increase of batch sizes can lead to a 
manyfold increase in deposition rates.1,8 
In addition to an efficient reactor, proper precursors need to be chosen in order to create 
a good ALD process. The crucial requirements for ALD precursors include sufficient 
volatility, thermal stability, and high reactivity: the Gibbs free energy for the reaction 
should be as negative as possible. Also the precursor and the reaction by-products should 
not etch the substrate or the growing film. The precursor may be a liquid, gas or solid. 
Additional aspects to consider when choosing a precursor are its safety, sustainability and 
economical requirements.14 
Surface reactions in ALD are typically driven by thermal energy, and process temperatures 
are usually about 150–350 °C. This type of ALD is considered as thermal ALD (T-ALD). The 
second, typically nonmetal, precursor can also be an organic linker or be added to a 
molecular fragment into the film. This grows the film in a molecular layer-by-layer manner, 
and is fittingly called molecular layer deposition.26,27 Organic polymers and, when 
combined with ALD, inorganic-organic hybrid materials can be fabricated with this 
technique. Reactions can also be driven by other energy sources such as plasma, UV 
radiation or visible light. In plasma enhanced ALD (PEALD), the nonmetal precursor is 
activated with a plasma discharge in the third step of the ALD cycle (Figure 1), which 
supplies the additional energy required for an ALD process. PEALD is used in cases where a 
higher reactivity as compared to T-ALD is needed. The high reactivity of plasma species may 
result in improved material properties, lower deposition temperatures, and an increase in 
choices of precursor compounds. However, the aggressive nature of the plasma species 
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3 Conversion Reactions  
 
A chemical conversion is a process where a chemical transformation takes place, namely, 
the product composition differs chemically from the starting material and atoms 
rearrange.29 For example, the rusting of iron can be considered as a chemical conversion. 
Changes that alter only state or appearance are physical changes; atoms or molecules do 
not change their identity. For example, the phase change of solid TiO2 from anatase to rutile 
is a physical change. Conversion of thin films in the context of this thesis is defined as the 
chemical or physical transformation of a thin film in a manner that preserves the film-like 
structure of the original layer. This thesis will primarily focus on chemical conversions of 
ALD thin films. 
Conventionally, thin films undergoing conversions are considered as problematic and 
unwanted. Once deposited, it is important for an ALD thin film to remain stable during its 
intended use, whether that is under harsh temperatures on spacecrafts or plain ambient 
conditions. Sometimes, however, the desired film material is obtained through converting 
existing ALD thin films. Conversion of thin films can take place via solid state reactions30, 
vapor-solid reactions31–34 and liquid-solid reactions35, and can even be induced through 
irradiation31. Conversion may be the only route to new materials with the benefits of ALD 
thin films, or it can be a means of producing them in a more efficient manner. 
For example, first-row transition metal thin films can be produced by conversion of ALD 
films. Metals such as Co36, Ni32,37, and Cu38–40 are often deposited as nitrides or oxides 
rather than the elemental metals due to the low reactivity of the precursors in these 
processes. The oxide and nitride films are then converted to their metallic form for example 
by annealing at a high temperature or reducing with H2 or NH3 at a lower temperature. Film 
preparation through conversion can also improve film morphology. For instance, Cu films 
fabricated through the reduction of Cu3N have a lower surface roughness compared to 
those deposited directly with ALD.40 In addition to being an easier way to produce these 
films, this method offers higher growth rates and may allow deposition on a broader 
selection of materials.41 
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Post-deposition treatments of ALD thin films have also enabled crystallization of 
amorphous thin film materials. For example, growth of crystalline Metal-organic 
framework (MOF) thin films such as ZIF-842 or UiO-6643 has not been successful directly by 
ALD, but the facile conversion of ALD films through vapor-solid reactions has enabled 
solvent-free synthesis of crystalline MOF thin films. This will be discussed in more detail in 
section 4.3. Furthermore, the fabrication of smooth 2D ALD thin films, such as as WS244 and 
SnS245 may need post-deposition annealing of the corresponding amorphous films to yield 
crystalline films (Figure 2). This has allowed the creation of smooth 2D films through 
scalable processes with thickness control down to monolayers.  
 
 
Figure 2. Representation of an ALD process for crystalline SnS2 films: (a) deposition of amorphous 
SnS2 through ALD followed by (b) a post-deposition conversion to crystalline SnS2. Reprinted from 
Ref. [45] with permission from American Vacuum Society. 45 
 
In addition to the fabrication of thin films of new materials, conversion can enable etching 
of film materials that are not otherwise readily removed, through a conversion-etch 
process. Atomic layer etching (ALE) can be considered as a reverse process for ALD. Both 
plasma and thermal ALE methods have been developed, and they offer both isotropic and 
anisotropic etching. Initial ALE methods are based on either fluorination and ligand-
exchange reactions (thermal ALE)46 or surface activation by halogenation followed by ion 
bombardment (plasma ALE)47 to remove the surface layer. However, materials with volatile 
metal fluorides cannot be etched in a layerwise manner using these thermal ALE methods 
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layers that are too thick for ALE. In the conversion-etch process, the surface layer of a film 
is converted to a different material capable of being fluorinated and removed by ligand-
exchange. It has been used for the ALE of WO348, W48, SiO249, and ZnO50 thin films, for 
example. This method is also promising for enabling the ALE of materials with volatile 
fluorides as etch products.48  
While conversion is an excellent route to new thin film materials and enhanced film 
properties, it can have similar or even additional drawbacks to conventional ALD. Common 
conversion problems include long reaction times43,51, industrial incompatibility41, and  
incomplete transformations52. Even so, conversion of ALD thin films is a promising bridge 
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4 Materials Selected as Targets for Conversion Reactions 
 
4.1 Noble metals  
 
Noble metals are metallic elements that resist chemical action, do not corrode, and are not 
readily attacked by acids. They have remarkable resistance to oxidation even at high 
temperatures, are good conductors and have high catalytic activity. Noble metals are used 
frequently as catalysts to accelerate or control oxidation, reduction and hydrogenation 
reactions. The noble metal family is not strictly defined but typically includes ruthenium, 
osmium, rhodium, iridium, palladium, platinum, silver, and gold. In some classifications, 
rhenium is also considered as a noble metal because it shares some of the noble metal -
like properties.53,54  
Even though noble metals have outstanding resistance towards oxidation, they can be 
oxidized to form many different oxides with oxidation states ranging from +1 to +8. These 
oxides are quite unstable and tend to decompose quite readily upon heating. An interesting 
noble metal oxide is ReO3, which has a lower resistivity than its metallic form and a metallic 
conductivity similar to the highly conductive Ag.55 Some noble metal oxides with high 
oxidation states, such as RuO4 and OsO4, are volatile and dangerous.  
Noble metal ALD processes commonly include the use of reducing agents, such as H2 or 
formalin, or an oxidative agent, mainly O2. These can also be combined so that first a noble 
metal oxide is grown with ozone, and H2 is introduced between every growth cycle to 
reduce the oxide. T-ALD process temperatures for noble metal thin films typically range 
from 80 to 200 °C. Noble metal oxides typically need more careful growth parameters, and 
Rh2O3, IrO2, PdO, RuO2, and PtOx have been grown with ozone through T-ALD. Reductive 
NH3 and H2 plasmas have usually been chosen for PEALD processes, and for example Ru, Ir, 
Pt, and Ag have been grown with this method. There are not many oxide PEALD processes 
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4.1.1 Ruthenium and Ruthenium Oxide 
 
Ruthenium belongs to the platinum group of the periodic table. It has a low resistivity         
(∼7 µΩ∙cm for bulk), a high melting point (2333 °C), excellent chemical and thermal 
stability, and high work function (∼4.7 eV).57 Ruthenium is a desirable material for 
microelectronic applications not only for its physical properties but also for its low cost 
compared to most other noble metals.58  Its high work function minimizes leakage current 
through a capacitor.  Ruthenium thin films have been widely studied for microelectronic 
applications, such as metal gates in metal-oxide-semiconductor field-effect transistors59,60, 
electrodes in metal-insulator-metal capacitors61,62, and seed layers for Cu 
electroplating63.56,64 
Ruthenium has two oxides: RuO2 and RuO4. RuO4 does not have thin film applications due 
to its low melting point of 25 °C and a boiling point of 40 °C. RuO2, on the other hand, has 
a melting point of 1300 °C and, similarly to metallic Ru, a low resistivity (∼46 µΩ∙cm)65, 
excellent thermal stability, and a high work function (∼5.4 eV)66. These features make it a 
promising material for the electrodes in future dynamic random access memory (DRAM) 
devices.66 Ruthenium(IV) oxide has been widely studied in recent years also due to its 
promising photocatalytic properties and photoelectrochemical performance.67,68 For many 
of these applications, RuO2 films need to be crystalline, smooth, and conformal even on 
three-dimensional structures, and as thin as possible to serve well in the ever-shrinking 
device dimensions. ALD is the most appropriate method for producing films with these 
requirements because of its unique features that produce films with accurate atomic scale 
control.  
There are many ALD processes for Ru, and several of these consist of alternately pulsing a 
Ru-based metal-organic precursor and molecular O2 into the reaction chamber.65,69–78 ALD 
processes for RuO2 film deposition consist mostly of these same precursors.56 Selected 
RuO2 ALD processes are reviewed in Table 1.  Whether a Ru or RuO2 thin film is deposited 
depends on the process parameters, such as precursor doses, oxygen partial pressure and 
deposition temperature. It has been shown that RuO2 thin films are obtained with the same 
precursors as used in the Ru processes by lowering the deposition temperatures and 
lengthening the oxygen pulses.65,70 The process optimization is, however, a very 
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complicated matter: RuO2 film formation depends on the delicate balance of every single 
parameter involved. In addition to the delicacy of the process, the resulting film 
morphologies are often not optimal79–81, and the oxygen pulses required can be long (~20 
– 45 s) and flow rates high (180-500 sccm).65,70,71 The use of ozone in these processes would 
be precarious since ozone etches Ru to form volatile RuO4.54  
Table 1. Precursors and reactants, deposition temperatures, resulting film thicknesses and 
resistivities, and publication years of selected T-ALD RuO2 processes. 
 








Ru(EtCp)2 O2 270   200482 
Ru(EtCp)2 O2 270 90 70 200783 
Ru(EtCp)2 mod O2 265 40  200784 
RuCp2 O2 300 70 270 200885 
Ru(EtCp)2 O2 300   200986 
(MeCp)Ru(Py) O2  10  200961 
RuO4 in organic solvent H2 230 7.2-21.6 250 201087 
Ru(EtCp)2 O2 280 30  201180 
Ru(Me-Me2-CHD)2 O2    201188 
Ru(DMPD)2 O2 200   201289 
(HD)iPrMePhRu O2 200 ∼30  270-290 201470 
EBCHDRu(0) O2 225 32  118 201479 
EBBDRu O2 225 5-35 140 201571 
Ru(DMBD)(CO)3 O2 240 10-40  62 201765 
Ru(thd)2 (cod) in solvent O2 230-270 6-28  201981 
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The poor morphology of RuO2 thin films deposited via ALD and even MOCVD (metal organic 
chemical vapor deposition) can be seen for example from Brytavskyi’s et al.81 work. RuO2 
was deposited on porous silicon substrates using Ru(thd)2(cod) and O2 as precursors via 
MOCVD and ALD. Deposition temperatures were 290 and 250 °C for MOCVD and ALD, 
respectively. The average size of macropores in the substrate was about 1-2 µm and the 
thickness of the porous layer roughly 21 µm. The ALD process consisted of 130 cycles and 
MOCVD of 150 injections. Transmission electron microscopy (TEM) and energy dispersive 
X-ray spectroscopy (EDS) showed that conformal coverage of the substrate surface was 
achieved with both deposition methods but MOCVD gave a non-uniform distribution of 
RuO2 along the pores. Unfortunately, SEM images revealed granular morphologies with 
average grain sizes of 18 nm for the ALD samples and 25 nm for the MOCVD samples (Figure 
3). 
 
Figure 3. Cross-sectional SEM images of RuO2 thin films deposited on a porous silicon substrates 
by MOCVD (top) and ALD (bottom). Reprinted from Ref. [81] with permission from Elsevier.81  
 
Commonly RuO2 thin films have been deposited by ALD with precursors where ruthenium 
has a nonzero oxidation state, for example Ru(EtCp)280,83,90 and (MeCp)Ru(Py)61, together 
with O2. These ALD RuO2 processes have been found to have relatively long incubation 
periods: the initial growth rates are significantly lower than those after a few tens of 
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cycles.61,80,90 This is due to a delayed nucleation of the film material, and leads to rough and 
discontinuous thin films. For example, Salaün et al.80 reported island-like growth of an ALD-
RuO2 thin film even after 1200 cycles (Figure 4). The average thickness of the film was 30 
nm and the process was conducted at 280 °C using Ru(EtCp)2 and O2 as precursors. Kim et 
al.90 used the same precursors at 265 °C and the incubation period extrapolated from the 
film thicknesses to the number of ALD cycles was roughly 35 cycles.  
 
 
Figure 4. AFM (a) and TEM (b) images of the RuO2 layer obtained by 1200 ALD cycles. Positions of 
no granular deposition (b,A), channels separating the RuO2 islands (b,B), and micropores (b,C) are 
also depicted. Reprinted from Ref. [78] with permission from John Wiley and Sons. 80 
It has been shown that the incubation period can be decreased by optimizing the Ru-
precursor. Park et al.79 showed that the nucleation period is reduced significantly when a 
zero metal valence Ru-precursor is used. The group deposited RuO2 films on silica 
substrates at 225 °C using EBCHDRu ((ethylbenzyl)(1,3-cyclohexadienyl)ruthenium(0)) and 
O2 as precursors. The growth rate was 1.9 Å/cycle, and the incubation time was determined 
to be only ∼2 cycles. The number of ALD cycles was varied from 3 to 200, and a continuous 
RuO2 thin film with a thickness of ∼6.5 nm was achieved already after 40 deposition cycles. 
The roughness of a 32 nm film was determined to be 0.33 nm, while the roughness of 
Salaün’s et al.80 30 nm RuO2 film was approximately 5 nm. RuO2 thin films were also 
 
 
 14  
 
deposited successfully with a step coverage of ∼100 % on trenches with a narrow top 
opening size of 25 nm and an aspect ratio of 4.5 (Figure 5).   
 
Figure 5. Cross-sectional TEM image showing the excellent step coverage of the RuO2 ALD process 
using EBCHDRu and O2 as precursors. Reprinted from Ref. [79] with permission from Elsevier.79 
 
Other attempts to decrease surface roughness include the use of PEALD, lengthening O2 
pulses, introduction of RuO2 seeds, and use of different substrate materials. Kim et al.91 
showed a decrease in incubation cycles with the Ru(EtCp)2-O2 process from 45 to 13 cycles 
by changing the substrate from SiO2 to Ta2O5. Sawada et al.66 deposited 30 nm RuO2 thin 
films by PEALD with Ru(EtCp)2 and oxygen plasma on 10 nm Al2O3 and TiO2 buffer layers as 
well as 100 nm thick SiO2 films. The roughnesses of the films were 2.5 nm on SiO2, 0.9 nm 
on Al2O3, and 0.7 nm on TiO2. The lower roughnesses of the RuO2 films grown on Al2O3 and 
TiO2 were explained by a more uniform nucleation caused by the slightly charged surface 
layers of these substrates which in turn are caused by metal vacancies in these layers. 
When the substrate surface is charged (positively or negatively), the Ru(EtCp)2 precursor is 
trapped on the surface for a longer time than on uncharged SiO2, which promotes precursor 
decomposition. Surface roughness of the films grown on silica could be decreased from 2.5 
to 1.4 nm by introducing sputtered 1 nm RuO2 seeds on the substrate before PEALD.  
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Austin et al.65 compared  T-ALD and PEALD methods for RuO2 film deposition using a zero-
oxidation state ruthenium precursor, Ru(DMBD)(CO)3, and oxygen or oxygen plasma as the 
reactant at 200-240 °C. The oxygen pulse lengths and flow rates for the T-ALD process and 
PEALD process were 20 s and 180 sccm, respectively. The films grown by PEALD had higher 
nucleation delays (76 cycles) and lower growth rates (0.29 Å/cycle) than those grown by T-
ALD, which exhibited a nucleation delay of 35 cycles and a growth rate of 0.65 Å/cycle. The 
roughnesses determined with AFM for the 12 nm thick T-ALD and PEALD RuO2 films were 
0.6 and and 0.4 nm, respectively (Figure 6). Additionally, the films grown with T-ALD 
showed more distinct crystallinity (Figure 7) and lower resistivity (∼62 μΩ cm) than the 
PEALD films (∼377 μΩ cm). The inferior quality of the PEALD process is most likely due to 




Figure 6. AFM images of 12 nm thick RuO2 films deposited with (a) T-ALD at 240 °C and (b) PEALD 
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Figure 7. GIXRD diffractograms of for RuO2 thin films with a 12 nm thickness grown via T-ALD 
(green) and PEALD (blue) deposited at 240 and 230 °C, respectively. Reprinted from Ref. [65] with 
permission from American Chemical Society.65 
 
While using a zero-valent ruthenium precursor has helped in shortening the incubation 
period of RuO2 ALD processes and thus improving the film morphology, Yeo et al.71 have 
additionally used extremely long O2 pulses to combat these issues. ALD RuO2 thin films 
were deposited on SiO2 with EBBDRu and O2 at 225 °C. The O2 pulse duration was 45 s with 
a flow rate of 200 sccm. Continuous films as thin as 5 nm were obtained with an incubation 
period of only 6 cycles and a growth rate of ∼0.9 Å/cycle. TEM images (Figure 8) showed a 
continuous but slightly rough film.  
 
Figure 8. (a) Bright field and (b) dark-field plan-view TEM images of RuO2 films grown by ALD with 
EBBDRu and O2 as precursors. Reprinted from Ref. [71] with permission from Elsevier. 71 
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Conversion of Ru thin films into RuO2 could be a solution to the difficulties of the 
conventional ALD processes. Yeo et al.71 attempted this through conversion of Ru thin films. 
It was claimed that 20 nm ALD Ru film was successfully converted to RuO2 by annealing 
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4.1.2 Rhenium and Rhenium Oxide 
 
Rhenium has a work function of 4.7 eV, low resistivity (22 μΩ cm for a thin film), and is 
considered to be both a refractory and a noble metal.93 Even though rhenium is a scarce 
material in the Earth’s crust, it is widely used as a catalyst in the petroleum industry94 and 
ammonia synthesis95 as well as in Fischer-Tropsch synthesis96 on a research scale. It is also 
used in microwave resonators97 and is a promising material for superconducting quantum 
computing and quantum information applications.93  
Rhenium films have previously been synthesized with molecular beam epitaxy (MBE)97, 
CVD98,99, pulsed laser evaporation (PLE)100, electron-beam evaporation99, 
electrodeposition101, and sputtering102. There is only one published ALD process for Re thin 
films: a study by Hämäläinen et al.93 employing ReCl5 and NH3 as precursors at 400 °C on 
silicon substrates covered by a 5-10 nm ALD Al2O3 film. Continuous films with thicknesses 
down to 3 nm were obtained and a total of 2 atom% N, H, Cl and C impurity content. The 
resistivity was about 90 μΩ cm for the 3 nm film and stabilized to about 22 μΩ cm for the 
thicker films.  The thinner, 3-10 nm, films were observed to react under ambient conditions 
to form ReOx, which can be verified from the FESEM images and GIXRD diffractograms 
(Figure 9). The thinner films were susceptible to ambient for a prolonged period of time. 
The FESEM images reveal large crystallites on the films even though the diffractograms 
show the films to be amorphous. It was proposed that the aging of the films in air lead to 
the formation of ReO3. Rhenium nitride films grown with the same precursors between 275 
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Figure 9. ALD Re films grown on Al2O3 films at 400 °C. (a) GIXRD patterns and (b) FESEM images 
with the numbers of deposition cycles and corresponding film thicknesses. The peaks denoted by 
asterisks could not be readily identified. Reprinted from Ref. [93] with permission from John Wiley 
and Sons. 93  
 
Rhenium has a large number of oxidation states. The stable binary oxides of rhenium are 
ReO2, ReO3, and Re2O7.103 The Re6+ cation in ReO3 is not particularly stable and 
disproportionates at 400 °C while Re2O7 is chemically stable but sublimes at about 300 
°C.103 Mixed-valent rhenium oxide thin films have been prepared for example by  RF 
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The most widely studied rhenium oxide is ReO3 due to its low absorption within the visible 
spectrum, metallic conductivity, and a resistivity (∼10 μΩ cm) lower than that of the 
metallic Re.93,109 Because of these properties, ReO3 could be used in applications like 
superconductors110 and solar cells111. Problems in ReO3 film deposition include film 
nonuniformity and contributions from Re with oxidation states other than 6+. For example, 
Murphy et al.109  deposited ReO3 films by reactive magnetron sputtering employing a 
metallic rhenium target within an oxygen-argon environment. After optimizing the oxygen 
flow ratio to 50 % and 60 %, XPS studies showed that the films consisted largely of ReO3 
but had also contributions of ReO2, Re2O3, and Re2O7. The distribution of chemical states 
measured for the film deposited with the 50 % oxygen flow ratio after one day of air 
exposure consisted of 15 % Re3+, 10 % Re4+, 55 % Re6+ and 20 % Re7+. Secondary electron 
micrographs of the films grown with the 50 % and 60 % oxygen flow ratios showed large 
cracks after 30 days air exposure (Figure 10).  
 
Figure 10. Secondary electron micrographs of rhenium oxide thin films deposited by reactive 
magnetron sputtering with (a) 50 % and (b) 60 % oxygen flow ratios. Reprinted from Ref. [109] 
with permission from Elsevier. 109 
 
To be able to benefit from the properties of ReO3 in microelectronic applications, ReO3 
films need to be thin, continuous, and conformal even on 3-dimensional structures, which 
could be possible by employing ALD. Depositing rhenium oxide thin films directly by ALD 
has not yet been demonstrated, but a film that fits into these standards could be fabricated 
by converting an ALD Re thin film to ReO3. 
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4.2 Aluminum Oxide  
 
Aluminum oxide is the most studied and used ALD thin film material. Its deposition is 
usually performed by pulsing trimethylaluminum (TMA) and water onto a substrate at 30 - 
300 °C. The TMA-H2O process is almost an ideal self-limiting ALD process and considered 
to be the model system for ALD. In addition to water, ozone and oxygen plasma have been 
used as reagents with TMA. Chlorides, bromides, alkoxides, alkylamides, amidinates and 
mixed ligand compounds have also been studied as aluminum precursors for the deposition 
of Al2O3 films. The vast spectrum of aluminum oxide ALD processes has been reviewed 
extensively by Miikkulainen et al.112 Although the upper temperature limit for most 
organometallic aluminum precursors is about 300 °C, some publications report process 
temperatures up to 500 °C with TMA. Aluminum oxide films grown below 600 °C on any 
substrate are amorphous, but crystallization of for example thin (5 nm) films of Al2O3 on 
silicon is possible at 900 °C.112  
Some of the features leading to the extensiveness of the research and use of Al2O3 thin 
films are their passivation and barrier properties, high thermal stability and conformality 
as well as excellent dielectric and optical properties.113 They are widely used in MEMS114,115, 
photovoltaics116, protective coatings5–7, optics35,117, electroluminescent displays2, and 
semiconductor devices118,119. Because of these outstanding features, alumina thin films can 
also be applied under extreme conditions, such as in space120,121. For this, films need to be 
reliable during outgassing of moisture and temperature variations, for example.122,123  
Atomic layer deposited Al2O3 thin films have shown excellent gas diffusion barrier 
properties on polymers. They can protect polymers against atomic oxygen and vacuum 
ultraviolet attacks121,124, and films as thin as 10 nm have been found to have barrier 
properties equivalent to glass against water.125 However, studies have shown that ALD 
Al2O3 films are vulnerable to corrosion for example by water. Dameron et al.126 studied 
water vapor transmission rates (WVTR) of 26 nm Al2O3 films on Kapton substrates at room 
temperature with the radioactive HTO tracer method (tritiated water markers). The films 
were grown with TMA and H2O at 175 °C. The effective WVTR of films directly facing the 
HTO was found to be ∼1×10-3 g/m2/day. The widely accepted requirement for the WVTR 
for OLEDs for sufficient lifetimes is 1×10-6 g/m2/day.127 The WVTR started to increase after 
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130 h and after 160 h the film dissolved and failed overall to serve as a water vapor 
barrier.126  
In addition to declining barrier properties, corrosion by water affects the overall strength 
of the films. Berdova et al.123 studied the fracture strengths of 75 nm ALD Al2O3 membranes 
deposited at 110, 150, 200, and 300 °C using TMA and H2O as precursors. The films were 
tested as-deposited and after keeping them in an environmental chamber with relative 
humidity of 95 % at 60 °C for 18 h or after annealing them at 800 °C under nitrogen for 15 
minutes. The as-deposited films had high fracture strengths (2.25-3.00 GPa) but exposure 
to high humidity and annealing decreased the fracture strength significantly (1.25-2.34 
GPa) (Figure 11). Corrosion and dissolution of the films in water as well as modification of 
composition of the film material at high temperatures were speculated as the reasons for 
the strength decrease.  
 
 
Figure 11. Mean fracture strength values vs deposition temperatures of 75 nm Al2O3 films in the 
as-deposited state, after annealing at 800 °C, and after being in an environmental chamber with 
relative humidity of 95 % at 60 °C for 18 h. Reprinted from Ref. [123] with permission from 
American Vacuum Society. 123 
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Therefore, Al2O3 films must be modified to prevent water corrosion. Abdulagatov et al.128 
successfully prevented water corrosion of copper substrates by employing TiO2 films 
together with Al2O3 films as barriers. The Al2O3 films were grown with TMA and H2O at 120 
°C. TiO2 films grown with TiCl4 and H2O were used because of their excellent water 
resistance properties.129 Copper substrates coated with either 20 nm ALD Al2O3 or 18 nm 
ALD TiO2 deposited at 120 °C were submerged into chromatography grade water at 90 °C 
for 75 h. Both films failed as a barrier: Al2O3 due to water corrosion and TiO2 due to poor 
nucleation on copper leading to open copper areas (Figure 12 a-c). It was shown with 
ellipsometry measurements that a 20 nm Al2O3 film dissolved completely in 90 °C water 
within ∼10 days. By contrast, combining the two films into a 5.5 nm Al2O3 adhesion layer 
and 20 nm TiO2 capping layer prevented substrate corrosion in 90 °C water up to 80 days 
(Figure 12 d-e). 
Figure 12. Optical microscope images of copper substrates submerged in 90 °C water for 75 h (a-
d) or 900 h (e). Substrates were prepared with (a) no coating, (b) 18 nm ALD TiO2, (c) 20 nm ALD 
Al2O3, (d) 4 nm Al2O3 and 18 nm TiO2, (e) 4 nm Al2O3 and 12.7 nm TiO2 coating. Reprinted from 
Ref. [128] with permission from American Chemical Society. 128 
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Titania and alumina films can also be combined into nanolaminates (NL) for enhanced 
water resistance properties. Kim et al.130 prepared 50 nm Al2O3/TiO2 NL films with PEALD 
for preventing water corrosion and gas permeation. The nanolaminates consisted of 
alternating 0.18 nm Al2O3 and 0.075 nm TiO2 layers deposited at 100 °C. TMA and 
tetrakis(dimethylamino)titanium were used as precursors together with O2 plasma for 
Al2O3 and TiO2 films, respectively. The WVTR of the nanolaminate film was found to be 
1.81×10-4 g/m2/day on polyethylene naphtalate. Dense film morphology and introduction 
of TiO2 into the Al2O3 backbone were presented as the reasons for the good barrier 
qualities. Other materials besides TiO2 can also be combined with the alumina films for 
better barrier performance. In the study by Dameron et al.126 previously mentioned in this 
chapter, the WVTR of the Al2O3 films could be decreased by combining 60 nm ALD SiO2  
layers with 26 nm Al2O3 layers to form bilayers. Two Al2O3/SiO2 bilayers reduced the 
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4.2.1 Grass-like Alumina Thin Films 
 
Heikkilä et al.27 and Kim et al.130 are one of the earliest to have observed the grass-like 
structure of Al2O3.  Kim et al.130 studied 50 nm Al2O3 films grown with PEALD at 100 °C, and 
found that immersion in 90 °C water degraded the film already in 30 minutes. FESEM and 
AFM images reveal a conversion of the smooth Al2O3 to a “petal-like” morphology (Figure 
13). Such a change in morphology was presumed to occur due to the corrosion of Al2O3 as 
described by the reaction equations (1) and (2).130,131 On the other hand, immersion of a 
film in water at room temperature first caused a thickness increase from 50 nm to about 
200 nm after 200 h of immersion, but after 700 h the film had fully disappeared. 
 
Figure 13. FESEM (a,b) and AFM (c,d) images of 50 nm PEALD Al2O3 thin films before (a,c) and 
after (b,d) immersion in water at 90 °C for 30 min. Reprinted from Ref. [130] with permission from 
American Chemical Society.130 
𝐴𝑙2𝑂3(𝑠) + 6𝐻
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Grass-like Al2O3 film morphology has also been observed in several other studies.35,132,133  
Correa et al.132 found that a significant increase of Al2O3 film stability in aqueous solutions 
can be achieved by crystallizing and densifying the film by annealing it at 900 °C. Broas et 
al.133 made a similar observation on an increase of the stability of ALD Al2O3 films in 
aqueous solutions after being annealed at 800 and 900 °C.  
Despite the apparent drawbacks of the stability of alumina films in aqueous solutions, the 
corroded, petal-like Al2O3 thin films may have applications as antireflective coatings. 
Antireflection coatings are widely used in solar cells and camera lenses, for example. These 
coatings can be fabricated, for example, by artificially lowering the refractive index of a 
material through an introduction of nanoscale porosity. The lowest refractive index 
achieveable with a dense inorganic material coating is not low enough for the minimization 
of the Fresnel reflection at normal incidence on glass. Therefore, the petal-like, or grass-
like, alumina coating is a good antireflection coating for glass. Other applications could 
include Raman spectroscopy and cell cultivation substrates as well as etch masks and 
nanoporous filters.35 
Grass-type alumina coatings for antireflection applications have been previously 
studied.134–136 These coatings have been prepared by sol-gel and anodic methods followed 
by immersion in hot water. Kauppinen et al.35 and Isakov137 fabricated these coatings with 
ALD of Al2O3 followed by immersion in hot water. The advantage of this method is its 
superior conformality on the substrate enabled by ALD. In their work, 28 nm Al2O3 thin 
films were deposited with TMA and H2O at 120 °C on Si and glass. After that, the films were 
immersed in deionized water (DIW) at 20-90 °C for 30 min. AFM and SEM images as well as 
ellipsometric measurements revealed that no major changes took place at temperatures 
below 40 °C. From 50 °C and up, a major decrease in the refractive indices and increase in 
the thicknesses, spectral transmittances and roughnesses of the films occurred (Figure 14). 
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Figure 14. Properties of a 28 nm Al2O3 ALD thin film immersed into deionized water for 30 min at 
different temperatures. (a) Refractive indices and thicknesses measured with an ellipsometer. (b) 
Surface roughnesses of samples on silicon measured by AFM. (c-e) SEM images of the films taken 
at an angle of 18° from the plane of the substrate. (f) Transmission spectra of samples on glass at 
normal incidence. Reprinted from Ref. [35] with permission from American Chemical Society.35 
 
The observed changes can be attributed to the significant morphological conversions of the 
films from smooth to “grass-like” (Figure 14 c-e). The ideal refractive index for a coating on 
glass for Fresnel reflection minimization is 1.22, and the samples with the highest 
transmittance had refractive indices of approximately 1.20. The coatings also exhibited 
extreme omnidirectionality. Figure 15 shows a cross sectional image with a simulated 
refractive index profile of the film treated with DIW at 90 °C. The refractive index profile 
was simulated by fitting a transfer-matrix method calculation to the transmittance 
spectrum of a double-sided coated glass sample after treatment at 90 °C. It can be seen 
that the film has a thickness of approximately 200 nm, and the authors considered SEM as 
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a more reliable thickness measurement since in the ellipsometer measurement a uniform 
film was assumed. Therefore the ellipsometry measurements should be considered as 
approximations. The simulated refractive index profile reveals that the bottom parts of the 
film are less affected by the DIW treatment because the refractive index is very close to the 
untreated Al2O3 film (1.64 for the untreated and 1.6 for the bottom parts of the treated).  
 
 
Figure 15. Cross-sectional SEM image of an ALD alumina film after DIW treatment at 90 °C for 30 
min with simulated refractive index profile. Reprinted from Ref. [35] with permission from 
American Chemical Society. 35 
 
The authors kept the DIW treated films in ambient conditions for several weeks and did not 
notice any observable changes. The group successfully deposited this grass-like alumina 
coating on a cleaved black silicon surface to demonstrate the possibility to coat surfaces 
with extreme topographies. Figures 16a-c show cross sectional SEM images of a black 
silicon surface (a), the same surface conformally coated with 28 nm ALD Al2O3 (b), and the 
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Figure 16. Cross section SEM images of (a) a cleaved black silicon surface, (b) the same surface 
with a conformal 28 nm ALD alumina coating, (c) and the coated surface after DIW treatment. 
Reprinted from Ref. [35] with permission from American Chemical Society.35 
 
The films in these studies were blown dry with a nitrogen stream after removal from the 
DIW. Isakov137 speculated that the grass-like flakes of the films might arise from the drying 
of the samples: the Al2O3 thin films have regions with different atomic ordering, and during 
the DIW treatment the most favorably ordered regions stay intact while bonds to the less 
favorable orientations are broken. These intact pieces of alumina then form the flakes 
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4.3 Metal-Organic Frameworks 
 
Metal-organic frameworks (MOFs) are coordination networks made of metal-containing 
units held together by organic linker molecules and containing voids (Figure 17). The metal 
units (ions or clusters) and organic linkers can be varied to make new materials, offering 
unique chemical versatility. Thousands of MOFs are prepared and studied each year.138 The 
common practice for naming MOFs is to give them trivial names based on their place of 
origin followed by a number, for example HKUST-1 (Hong Kong University of Science and 
Technology, [Cu3(1,3,5-benzenetricarboxylate)2]) and UiO-66 (Universitet i Oslo, Zr[1,4-
dicarboxybenzene]). The first mentions of MOFs, then known as coordination polymers, 
can be dated back to the 1980s139, and structures with permanent porosity were first 
reported in the late 1990s as MOFs.140,141 MOFs can be synthesized as powders and shaped 
to pellets or extrudates if so required by the application. Sometimes the MOFs need to be 
grown as thin films to function as needed.42  
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4.3.1 Properties of Metal-Organic Frameworks 
 
Each application of a specific MOF is based on its well-defined crystalline chemical 
structure. The structure can be carefully tuned in terms of its metal units, organic linkers, 
and shape and size of the pores. The organic linkers are bonded to the metal units 
coordinatively, making the structure fairly flexible. Other porous structures like zeolites 
have a high contribution of covalent bonds which leads to rigidity. Another unique 
characteristic of MOFs is that the metal sites can be accessible to chemical compounds 
(open metal sites, OMS), while in zeolites the metal atoms are blocked.142 The versatility of 
MOFs also offers extraordinarily large and permanent porosity as well as the highest 
surface areas per gram of any known material.143 Applications of MOFs include catalysis144–
147, gas storage and separation148–150, sensing151,152, drug delivery153, and self-cleaning 
surfaces154. 
The efforts to prepare MOFs with ultrahigh, stable porosity and large surface area have led 
to the concept of secondary building units (SBUs) and the isoreticular principle, which allow 
varying MOF constituents in a precisely controlled manner.155 Examples of SBUs and 
organic linkers are shown in Figure 18138. By controlling the chemistry and pore size of 
MOFs, structures with exceptional chemical, thermal and/or mechanical stability have 
been synthesized. The stability of MOFs is a vital requirement for applications and has been 




 32  
 
 
Figure 18. Examples of known inorganic secondary building units (A) and organic linkers (B) of 
MOFs. Color code: black, C; red, O; green, N; yellow, S; purple, P; light green, Cl; blue polyhedra, 
metal ions. Hydrogen atoms are omitted for clarity. AIPA, tris(4-(1H-imidazol-1-yl)phenyl)amine; 
ADP, adipic acid; TTFTB4–, 4,4′,4′′,4′′′-([2,2′-bis(1,3-dithiolylidene)]-4,4′,5,5′-tetrayl)tetrabenzoate. 
Reprinted from Ref. [138] with permission from AAAS. 138 
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4.3.2 Metal-Organic Framework Thin Films 
 
MOF thin films can be classified as polycrystalline (< 50 µm) or ultrathin (nm range) with 
almost perfect orientation.  Polycrystalline MOF thin films, which will be labelled as P-MOFs 
for clarity, consist of randomly oriented crystals or particles that can either completely 
cover the substrate or be scattered on a surface. Their properties are expected to be similar 
to those of the corresponding powder material. Nearly perfectly oriented MOF thin films, 
which will be labelled as SURMOFs for clarity, are smooth (roughness approximately a few 
elementary cells), and their properties can differ from the polycrystalline films because of 
their dimensions and close proximity to the surface.163 
Interface effects between the substrate and film as well as surface effects due to high 
specific surface areas are found in SURMOFs. For example, lattice shrinkage compared to 
bulk material dimensions has been observed.164 This might arise from the increased surface 
ratio of thin films, increasing surface energy and strain, shrinking the lattice. Another 
explanation might simply be the lattice mismatch between the support and MOF.165 When 
film thicknesses exceed the nm range, interfacial strain decreases, so it is necessary to 
shrink the films down to nm order for these unique properties. Other properties owing to 
the small dimension MOF films include: dynamic gate opening, in which the sorption of 
guest molecules promotes the rearrangement of the flexible MOF crystal structure so that 
it starts to take up the guests166, improved gas separation abilities167, and metastable 
structures168. Down-sizing also facilitates the study of MOF structures and has made it 
possible to reveal coordination processes in certain MOFs.169 MOF thin film applications 
include gas separation (molecular sieving)170,171, sensing172,173, and low-k dielectrics174 as 
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4.3.3 Fabrication Methods for Metal-Organic Framework Thin Films 
 
Synthesis of MOF thin films can be very complex because the growth of crystalline material 
needs to be promoted selectively on a support. Typical ways of preparing MOF thin films 
involve depositing the film on top of a substrate using known bulk methods for the selected 
MOF. Self-Assembled Monolayers (SAMs) on typical substrate materials like Si are often 
used because they have a long-range 2D order and abundant functional sites that can be 
patterned easily on the substrate. Growth of MOFs has been achieved selectively on 
patterned SAMs. For example Hermes et al.176 created a patterned MOF-5 thin film by 
anchoring MOF-5 building units selectively on carboxylate-terminated SAMs. In their work, 
a Au-substrate with patterned SAMs of 16-mercaptohexadecaonic acid and 1H,1H,2H,2H-
perfluorodecane thiol was immersed into a supersaturated reaction mixture used for the 
synthesis of MOF-5 macrocrystals. The MOF-5 thin film was formed only on the 
carboxylate-terminated areas of the SAMs. The resulting MOF squares had dimensions of 
40 × 40 µm2 and the crystallites were about 100-500 nm in size (Figure 19).   
 
Figure 19: An optical microscope (left) and AFM (right) image of a MOF-5 thin film grown 
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In addition to SAMs, metal oxide thin films on selected typical substrates can be used as 
precursors for MOF thin film fabrication.33,177,178 The metal oxide film provides the metal 
ions required for the nucleation and growth of MOFs close to the substrate178 and may 
stabilize the MOF thin film formation, as shown by Lemaire et al.179. The study analyzed 
HKUST-1 thin film nucleation on ALD Al2O3, ZnO and TiO2 thin films in solvothermal growth 
at 120 °C. The MOF grew remarkably faster on ZnO compared to the other two oxide films 
due to the formation of zinc-copper hydroxy double salts (HDS). It was shown that the HDS 
are reaction intermediates that accelerate the MOF formation by promoting a high rate of 
anion exchange in the linker solution. The structure and consequently the stability of the 
HDS depends on the composition of the metal oxide used. As with the patterned SAMs, 
HKUST-1 could be grown selectively on the ZnO areas of patterned wafers.179,180  
The most common methods used for SURMOF fabrication are layer-by-layer deposition and 
Liquid-Phase Epitaxy (LPE). In LPE, the substrate is alternately dipped in a solution of 
positively and negatively charged polymers, and the MOF components are adsorbed from 
the liquid phase to a surface in a layer-by-layer manner. SAM layers are often formed on 
substrates as bases for SURMOF fabrication because they can dictate the orientation of the 
MOF in addition to the features previously mentioned. In the layer-by-layer deposition, the 
SAM covered substrate is sequentially dipped in solutions of the structural components of 
the MOF. In both methods, resulting film thicknesses can be controlled through the number 
of immersion cycles.163 
P-MOFs have been prepared by immersing substrates in appropriate solutions or growing 
pre-deposited seeds into films.163 The solvothermal method is one of the most direct 
methods: substrates are submerged into a mother solution of the MOF and the solution is 
heated. A mother solution is an aged MOF synthesis solution that contains MOF building 
blocks. The film can also form from the mother solution without heating; the substrate is 
simply dipped in the MOF mother solution several times, with each dip forming new seeds 
on the substrate surface and growing larger those already present. Another way for 
fabricating P-MOF thin films at room temperature is to heat the mother solution to initiate 
crystallization, filter it and submerge the substrate into the crystallite-containing solution. 
The solutions can also be prepared without saturation of the MOF components, attaining 
a crystalline MOF film when the solvent is evaporated. Other approaches include 
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electrochemical methods181, seeded growth182–184, solution shearing185, and diffusing 
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4.3.4 Limitations of Solvent-based Methods 
 
Deposition of MOF thin films by methods requiring solutions is often simple, effective, and 
of low cost at a lab scale. Solvent-based chemistry is an excellent platform for MOF 
fabrication because the dissolved building units are mobilized efficiently for crystallization 
by self-assembly. Solvents may also increase the chemical stability of the building blocks 
and promote crystallization.187 Film deposition requiring solutions can be, however, 
troublesome at industrial scales in terms of sustainability, chemistry and cost.  
Solutions typically used for MOF processing contain metal salts that can react with 
unwanted surfaces, such as the deposition container walls, and may cause particle 
contamination to the film in the form of MOF particles forming in the solution itself. 
Solutions may also not wet the substrate surface completely, unlike vapors directed on a 
surface.  
Solvents in MOF fabrication, such as dimethylformamide (DMF), are often toxic and 
harmful to both the environment and operator. Solution-based processes yield larger 
volumes of waste than vapor-based ones because vapor precursors can be simply 
neutralized directly at the reactor exhaust. Handling of high-purity solvents and liquid 
waste are heavily regulated, and large volumes of these lead to high production costs.42 
These problems could be overcome by developing solvent-free, vapor-based MOF thin film 
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4.3.5 Vapor Phase Methods 
 
A nudge towards solvent-free MOF fabrication methods was a powder milling process in 
where powders of linkers and metal precursors are milled together to attain MOFs.188 Here 
the linker is protonated and acts as an acid towards the metal precursor. The protonated 
counter anion of the metal salt can be considered as a fluid and plays an important role in 
the reaction by enabling the neutralized M-L building blocks to mobilize and self-assemble 
during crystallization. Sometimes stoichiometric amounts of fluid molecules are added to 
the reaction to boost the crystallization (Fluid Assisted Synthesis, FA, Figure 20)42, as has 
been done for example by Friščić et al.189 In their work, different porous frameworks were 
obtained with mechanosynthesis. First, ZnO and fumaric acid were ground in a 1:1 
stoichiometric ratio but no reaction was observed. By adding small quantities of ethanol or 
methanol to the process, different MOFs could be obtained. The amount of fluid was so 
minute that it did not serve as a solvent190. Another way of boosting crystallization is to 
supply heat to the reaction (Figure 20).42 
 
Figure 20. Solvent-free synthesis of MOFs demonstrated via one metal cation inorganic node (M), 
conjugate base organic linker (L), and protonated counter anion fluid (H-A). Thermal treatment (T) 
and the addition of stoichiometric amounts of fluid molecules (FA) are also portrayed. Reprinted 
from Ref. [42] with permission from John Wiley and Sons.42 
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Vapor deposition techniques can be divided into Physical Vapor Deposition (PVD) and CVD 
methods. In both methods the precursor is vaporized, and the vapor is transported to the 
substrate in vacuum conditions. The difference is that in PVD the precursor is a vapor of 
the material to be deposited and in CVD the precursor(s) undergo a chemical reaction with 
each other or the substrate to form the desired material. PVD methods are seldom used 
for the fabrication of MOF thin films because MOFs have low vapor pressures and their 
thermal decomposition temperatures are fairly low (from 300 °C). It has been difficult to 
obtain intrinsically nanoporous materials through PVD methods. CVD methods, in contrast, 
offer versatility in the choice of precursors and process conditions. CVD methods also 
enable precise growth of MOF thin films on complex surfaces, improved film quality, 
industrial scale reproducibility, and control over building block mobility.42 
MOF-CVD consist of a conversion-type vapor-solid reaction between a precursor film and 
an organic linker vapor. This can be done in a layer-by-layer manner (Molecular Layer 
Deposition, MLD) or through one step. An example of a one-step MOF-CVD is the formation 
of Zeolite imidazole framework 8 (ZIF-8) by Stassen et al.33, where an ALD zinc oxide thin 
film was exposed to 2-methylimidazolate vapor at 100 °C for 30 minutes. The sacrificial 
oxide film was converted to ZIF-8 fast without solvents. Lausund and Nielsen43 prepared 
UiO-66 by depositing zirconium terephthalate films from ZrCl4 and 1,4-benzenedicarboxylic 
acid (terephthalic acid) followed by crystallization under acetic acid at 160 °C for 24 h. 
Fabrication methods for ZIF-8 and UiO-66 will be discussed in detail in sections 4.4.1 and 
4.5.1.  
By using uniform and defect-free ALD thin films as precursors for vapor-phase MOF thin 
film fabrication we can open doors towards applications in microelectronics, for vapor-
phase conversion of ALD thin films can be integrated with existing processes in 
microelectronics manufacturing. This can also be a route towards non-corrosive synthesis 
methods and a way around problems caused by solvent-based methods, such as chemical 










Zeolite imidazole frameworks (ZIFs) are a subclass of MOFs that have high surface areas as 
well as exceptional chemical and thermal stabilities. They have a similar topology as 
inorganic zeolites: large pores and small apertures. ZIFs have a sodalite-type structure 
where transition metal cations are linked together by imidazole ligands in a tetrahedral, 
three-dimensional framework.191,192  
ZIF-8 is an elastic framework that consists of Zn2+ metal ions coordinated to nitrogen atoms 
of the 2-methylimidazolate (mIM) linker. It has hydrophobic pores with a diameter of 11.6 
Å, which are accessible through six-membered ring apertures with diameters of 3.4 Å 
(Figure 21a)171. ZIF-8 has attracted a lot of interest in gas separation applications because 
its pore apertures are in the range of the kinetic diameters of many gas molecules and its 
adsorption capacity for gases such as CO2 is high (Figure 21b) 170. The hydrophobicity of the 
pores enables gas separation even from mixtures with steam, which is an advantage over 
zeolites.  
 
Figure 21. a) The crystal structure of ZIF-8. Cyan, blue and grey spheres represent Zn, N, and C 
atoms, respectively. H atoms have been omitted for clarity.173Reprinted from Ref. [170] with 
permission from Royal Society of Chemistry. b) A representation of the narrow six-membered ring 
opening through which molecules have to pass. The yellow spheres represent the pores. 
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4.4.1 ZIF-8 Thin Films 
 
ZIF-8 thin films have been fabricated in a number of ways, and Table 2 summarizes some 
of the methods reported in literature. A vast majority of the methods are solution-based, 
and only in the recent years have ZIF-8 films been prepared through vapor phase based  
techniques. In addition to many precursors needed to deposit the films, solution-based 
methods involve a multitude of time-consuming steps the duration of which has usually 
not been disclosed. Vapor-based methods generally involve only one or two steps and 
comprise of converting a ZnO thin film into ZIF-8 by delivering HmIM vapor on the film. 
Thicknesses of MOF films fabricated through solution-based methods are generally higher 
than those made by vapor-based methods. Deposition temperatures in the solution-based 
methods range from room temperature to 150 °C, whereas the vapor-based methods 
always require a vaporization temperature starting from 100 °C to obtain a sufficient vapor 
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Table 2. Synthesis methods for ZIF-8 thin films. The durations refer to the shortest times reported 
for all the synthesis steps together (solution preparation, seed preparation, conversion etc.), but 
any substrate preparation times have been excluded. Temperatures refer to the highest 
temperature used in the fabrication process. Minimum film thicknesses refer to the smallest film 















∼30 nm 100 °C > 1 day 2009170 
















∼ 5 µm 100-150 °C > 1 day 2010171 
Dip-coating in colloidal 
solution 
Silica wafers 40 nm 130 °C  > 1h 2010173 
Solvothermal growth α-Alumina 20 µm 120 °C > 1 day 2010194  
Microwave-assisted 
solvothermal synthesis  





18 µm RT  > 72h 2011196 








15-20 µm, 80 °C 1h 2014197 




Conversion of sputtered 
ZnO films and flakes * 
(solid-solid or solid-melt 
conversion) 
Si wafers >1 µm 160 °C 1 min 2013177  
Vapor conversion of ALD 
ZnO films  




52 nm 110 °C 40 min 201633 
Vapor conversion of ZnO 















 43  
 
Control of MOF thin film microstructure is important because it affects the optical, 
electrical, magnetic, and gas transport properties of the films. Film microstructure has been 
a focal point in many ZIF-8 thin film fabrication studies. For example, McCarthy and 
coworkers194 found that film microstructure can be controlled by changing the pH of the 
mother solution in a solvothermal process for ZIF-8 thin films. An increase in the pH of the 
mother solution resulted in omnidirectional growth of larger, well-intergrown ZIF-8 
crystals. 
ZIF-8 structured thin films have been exploited in sensing applications by monitoring their 
refractive index (n). The refractive index of a MOF thin film is a volume-weighted average 
of the indices of the cavities and the framework limiting the cavities. The n of vacuum is 
equal to one and that of the framework greater than one. When a molecule is inserted into 
the cavity, vacuum is displaced and the refractive index of the material increases. This can 
be detected by a Fabry-Pérot device: the Fabry-Pérot device produces interference peaks 
when light waves pass through it, and these peaks shift when the refractive index of the 
material changes. Lu et al.172 examined UV-vis transmission spectra of ZIF-8 thin films 
exposed to ethanol and water vapors and found that there were notable shifts in the 
interference peak positions when ethanol concentration in the water vapor increased 
(Figure 22).  
 
Figure 22. UV-vis transmission spectrum of a   9̴50 nm ZIF-8 film grown on glass on exposure to 
water and ethanol vapor (A). Interference peak shift from 612 nm as a function of ethanol 
concentration (vol%) in ethanol/water vapor mixtures (B). Reprinted from Ref. [172] with 
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Stassen et al.177 studied the effects of conversion time and initial ZnO film thickness on the 
crystal size and morphology of the resulting ZIF-8 film. They partly converted sputtered, 
patterned (via microcontact printing), or electrochemically deposited flake-like ZnO films 
to ZIF-8 films (Figure 23) with control over crystal size. The conversion was done by covering 
the ZnO films with a thin layer of finely ground HmIM powder and heating to 160 °C with 
the aim of melting the HmIM powder and wetting the sample surface completely. Reaction 
times were varied from 1 to 20 minutes. The samples were then cooled down to room 
temperature and washed with methanol to remove any excess linkers. For a completely 
solvent-free synthesis, the methanol rinse step was proposed to be substituted with an 
evaporation step. Longer reaction times appeared to lead to ripening of the crystals, 
resulting in larger crystals (Figure 24). It was also observed that increasing the initial ZnO 
film thickness from 0.1 to 0.5 µm and therefore increasing the amount of zinc available for 
growing the crystals yielded larger crystals with a similar reaction time (Figure 25). It was 
hypothesized that with smaller initial ZnO film thicknesses, Zn2+ ions are depleted sooner, 
ceasing crystal growth.  
 
Figure 23. SEM images of (a) electrochemically deposited flake-like ZnO precursor film and (b) the 
resulting ZIF-8 film after a 20 min conversion time. Scale bars: 5 µm. Reprinted from Ref. [177] 
with permission from Royal Society of Chemistry. 177 
 
 




Figure 24.  SEM images of ZIF-8 films obtained by a conversion of a 1 µm thick sputtered ZnO 
precursor films for (a) 1 min, (b) 2 min, (c) 5 min, and (d) 10 min. Scale bars: 5 µm. Reprinted from 
Ref. [177] with permission from Royal Society of Chemistry. 177 
 
 
Figure 25. SEM images of ZIF-8 films obtained by a 20 min conversion of ZnO precursor films with 
initial thicknesses of (a) 0,1 µm, (b) 0,5 µm, (c) 1 µm. Scale bars: 5 µm. Reprinted from Ref. [177] 
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The first method for vapor deposition of ZIF-8 thin films was reported by Stassen et al. in 
2016.33 ALD ZnO films with thicknesses of 3-15 nm were deposited on top of a 40 nm thick 
ALD TiO2 film and the overlying ZnO film was converted to ZIF-8 by exposing it to HmIM 
vapor. The TiO2 film served as an adhesion layer to bridge the MOF to the SiO2 substrate 
and improved the resulting film morphology.  The conversion method consisted of three 
steps: first the ZnO film and a reaction vessel with HmIM powder were separately pre-
heated to 100 °C, then the substrate was suspended top-down 5 cm above the HmIM 
powder in the reaction vessel for 30 minutes, after which the substrate was activated by 
placing it on a hot plate at 110 °C under a nitrogen flow for 10 minutes. The purpose of the 
post-conversion activation was not explained. The formation of ZIF-8 was confirmed with 
XRD (Figure 26) and complete conversion of 10 nm as well as thinner ZnO films to ZIF-8 
films was verified via TEM.  
 
Figure 26. XRD patterns of a ZnO substrate, ZIF-8 film formed by a 30 min conversion reaction, 
and a simulated ZIF-8 film. The wide peaks above 35° appear most likely due to the SiO2 substrate. 
Reprinted from Ref. [33] with permission from Springer Nature. 33 
 
To demonstrate the conformality of the MOF-CVD process, ZIF-8 films were also deposited 
on silicon pillars with a 25:1 aspect ratio33. The initial thickness of the ALD ZnO film was 25 
nm (Figure 27). MOF patterns with the highest resolution made by photolithography in 
literature were formed through lift-off patterning combined with MOF-CVD (Figure 28). In 
lift-off patterning a lithographically patterned photoresist serves as a mask on the substrate 
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during vapor-phase material deposition. The mask is removed after the deposition step in 
order to leave a pattern of the deposited material on the substrate. Photoresists may swell 
or dissolve in a typical MOF synthesis solution, so the solvent-free MOF-CVD method offers 
an advantage for careful patterning of MOF films. In this study, ZnO was deposited through 
directional reactive sputtering and converted to 1.7 µm wide ZIF-8 rings with MOF-CVD 
(Figure 28). Also functionalized elastomeric pillar arrays were coated with ZIF-8 films by 




Figure 27. SEM images of (a,b) a ZIF-8 -coated silicon pillar array. (c,d) High-magnification SEM 
images illustrating the uniform coverage at the base of the pillars. Scale bars (a) 50 µm, (b,c) 5 µm 
and (d) 1 µm. Reprinted from Ref. [33] with permission from Springer Nature. 33 
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Figure 28. (a) Schematics of MOF-CVD combined with lift-off patterning for making ZIF-8 
structures. The photoresist is shown in orange. (b,c) SEM images of the resulting ZIF-8 patterns. 
Scale bars: (b) 100 µm and (c) 10 µm. Reprinted from Ref.  [33] with permission from Springer 
Nature. 33 
 
The conversion of zinc oxide to ZIF-8 occurs by the reaction:  
 
ZnO (s) + 2HmIM (g) → H2O (g) + Zn(mIM)2 (s) 
 
Water is formed as a byproduct in the neutralization reaction between ZnO and HmIM. It 
was proposed based on in situ XRD experiments that water forms a liquid-like layer at the 
reaction interface and serves as a catalyst and mobilizing medium for the MOF building 
blocks (Figure 29a)33. This was supported by the inability to readily resume the conversion 
after interruption, which caused dehydration and immobilization of the surface layer: after 
placing the substrate again under the reactive atmosphere the reaction could not be readily 
resumed. The important role of water in this process is analogous to the fluid molecules 
described in section 4.3.5. Similarly, water plays an important role also in solvent-free 
crystallization of zeolites as reviewed in detail by Wu et al.198 
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Figure 29. ZIF-8 phase quantification by in situ XRD measurements on the conversion reaction. In 
these experiments, a ZnO film was exposed to HmIM vapor at 115 °C under a continuous dry 
nitrogen flow (purple) and a nitrogen flow humidified to 33 % relative humidity at room 
temperature (green) (a), and crystallization rate of ZIF-8 at 115 and 130 °C described by phase 
quantification by in situ XRD experiments (b). Reprinted from Ref. [33] with permission from 
Springer Nature. 33 
 
In situ XRD experiments also revealed that the crystallization rate of the MOF increased as 
a function of time until leveling off after a certain amount of time (Figure 29). Raising the 
reaction temperature resulted in a higher ZIF-8 mass fraction even though the 
crystallization rate leveled off at about the same time as at the lower temperature (Figure 
29b). It was deduced that the forming ZIF-8 layer acts as a diffusion barrier for Zn2+ ions 
and organic linkers (in this case HmIM) alike, which slows down the reaction. The elevated 
reaction temperatures mobilize Zn2+ ions better, forming more ZIF-8 crystals and thicker 
films. 
Studies on ZIF-8 fibers disagree with the observations on ZIF-8 thin films regarding ZIF-8 
conversion thickness.33 Holopainen et al.52 examined the conversion of calcined 
electroblown ZnO and aluminum doped ZnO (AZO) fibers to ZIF-8 via a vapor-phase 
reaction. The conversion reaction was conducted in an autoclave by exposing the fibers to 
HmIM vapor at 150 and 200 °C for 1-68 h (Figure 30). After the reaction, the cooled fibers 
were placed in an oven at 150 °C for at least 2 h to remove any excess HmIM. The initial 
fiber diameters ranged from 200 to 400 nm and they were fully converted after 42 hours 
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penetrate much deeper into the ZnO matrix than previously reported33. The higher 
conversion reaction temperatures led to larger diameters of ZIF-8 fibers, as compared to 
ZIF-8 film thicknesses obtained by MOF-CVD at 100-115 °C33. Also the homogeneity of the 
ZIF-8 fibers was noted to improve with higher reaction temperatures. Additionally it was 
observed, in agreement with Stassen’s et al.177 previous study on a conversion of ZnO films 
to ZIF-8 films via a solid-melt conversion reaction with HmIM powder, that the ZIF-8 
crystallite size increased with longer reaction times. Complete conversion of ZnO fibers to 
ZIF-8 was verified by XRD measurements.  
                     
Figure 30. SEM images of ZIF-8 fibers prepared from ZnO fibers calcined at 500 °C by conversion 
treatment at 200 °C for 18 h (left) and 42h (right). Reprinted from the open-access article from 
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UiO-66 has been named by its place of origin: Universitet i Oslo. UiO-66 is comprised of 
Zr6O4(OH)4 nodes and benzenedicarboxylic acid (BDC) linkers. The  six Zr4+ ions in the nodee 
are arranged in an octahedral geometry and the four hydroxide ions and four oxide ions 
are located at the centers of each facet of the octahedra. These nodes are coordinated with 
twelve BDC  linkers so that each Zr atom is coordinated with eight oxygen atoms in a square 
antiprismatic geometry, as shown in Figure 31. This leads to a face centered cubic crystal 
structure with tetrahedral and octahedral cages with diameters of 0.7 and 0.9 nm, 




Figure 31. A depiction of the node (a) and linker of UiO-66 (b), and an illustration of the UiO-66 
structure (c). Reprinted from Ref. [199] with permission from John Wiley and Sons. 199 
 
In addition to the properties common to all MOFs, including high surface area and open 
metal sites, the most relevant properties of UiO-66 are its high thermal199, mechanical200 
and chemical201 stability. It can be heated up to 375 °C without collapsing the structure and 
it is stable in the presence of corrosive reagents such as hydrochloric acid and various 
amines.199 These properties allow for multiple applications, including drug delivery202, 
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It has been observed through neutron powder diffraction measurements that bulk UiO-66 
does not have a perfect crystal structure and typically contains linker vacancy defects. On 
average, one out of every 12 linkers is absent. This is atypical for MOFs where the inorganic 
nodes are commonly coordinated 4-, 5-, or 6-fold to their linkers, unlike with UiO-66, so 
the impact of the structural disorder would be increased with such a high concentration of 
missing linkers.204 
Introducing acetic acid into the solvothermal synthesis of bulk UiO-66 has revealed its role 
in defect promotion and crystal growth. By adding acetic acid into the solutions, the 
crystallinity of the MOF can be improved. By increasing the amount of acetic acid in the 
synthesis, the UiO-66 pore volume can be enhanced by 50 % and BET surface area by 60 
%.204 As the defect content increases, the uptake of gases such as CO2 is enhanced by 
almost 50 % at high pressures (35 bar), which emphasizes the applicability of UiO-66 in gas 
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4.5.1 UiO-66 Thin Films 
 
Table 3 summarizes methods that have been used to fabricate UiO-66 thin films. This 
material is a fairly new addition to the MOF thin film family, but many processes have been 
developed. Most of them include a vast amount of solvents and are time consuming with 
durations from minutes to several days. The solvent-free methods consist of gas-phase 
conversions of zirconium terephthalate hybrid MLD thin films. The conversion times are 
23-24 h. Both solvent-free and solvent-based methods produce films with large 
thicknesses: solvent-free methods have yielded UiO-66 films with thicknesses from 500 nm 
to 7.5 µm and solvent-based methods from 82 nm to 2 µm. The advantage of solvent-based 
methods is the possibility for room temperature syntheses, yet solvent-free processes are 
more compatible for microelectronic and other industrial applications. In many processes, 
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Table 3. Synthesis methods for UiO-66 thin films. The durations refer to the shortest 
times reported for all the synthesis steps together (solution preparation, seed 
preparation, conversion etc), but exclude any substrate preparation times. Temperatures 
refer to the highest temperature used during film deposition. Minimum film thicknesses 
refer to the smallest film thicknesses obtained with each process. 
 














































24h 2017210  






Au 100 °C 200 nm 3h 2018211 
Spin-coating Si wafers RT (assumed) 380 nm 21 min 2018212 
Dip-coating Si wafers 
RT (annealed 
at 200 °C) 
285 nm > 5 min  2018212 
Self-assembly Si wafers RT (assumed) 273 nm > 25 min 2018212 
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Solvothermal Si wafers 100 °C - 54 h 2018212 




Si wafers 70 °C 82 nm ∼33 h   2019213 






MLD film  




200 °C 7.5 µm 23 h  201851 






Solvent based      
 
 
 56  
 
Lausund and Nielsen43 successfully converted zirconium terephthalate hybrid MLD thin 
films (ZrBDC) to UiO-66 thin films through a gas-phase process. The hybrid thin films were 
deposited with ZrCl4 and 1,4-BDC (terephthalic acid) as precursors. Film thickness increased 
by 20 % when exposed to a moist environment of 70-75 % relative humidity at room 
temperature for 24 h due to terephthalic acid crystallizing on the film surface. This was 
eliminated by introducing an acetic acid pulse after the terephthalic acid purge step to the 
MLD ZrBDC film deposition process. It was shown by X-ray reflectance (XRR) and Fourier-
transform infrared (FTIR) methods that the acetic acid pulses direct the film bonding 
scheme from mixed mono- and bidentate coordination to only bidentate coordination, 
resulting in denser films.  
ZrBDC films deposited via the acetic acid modulated process were crystallized to UiO-66 
films by sealing them in an autoclave with ∼0.1 ml of acetic acid  at 160 °C for 24 h. Film 
crystallinity was verified with XRD which showed a diffractogram similar to a powder 
diffractogram simulated for desolvated UiO-66 (Figure 32a). The film thickness increased 
from 229 nm (ZrBDC) to roughly 500 nm (UiO-66, Figure 32b). The coordination changed 
from bidentate to bridging, which is the coordination configuration of UiO-66. Samples 
deposited without the acetic acid modulation had some acetic acid left in the UiO-66 films 
after the autoclave treatment in acetic acid.   
 
Figure 32. a) GIXRD diffractogram of a UiO-66 film after a treatment under acetic acid at 160 °C 
for 24 h (black) and simulated powder diffractogram for desolvated UiO-66 (red). The inset shows 
the same diffractograms zoomed in the 2Θ angles between 10 and 40 degrees. b) Cross-section 
SEM images of a UiO-66 film viewed at 45 ° and 90 ° (inset). Scale bar: 2 µm. Reprinted from the 
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Lan et al.51 prepared UiO-66 thin films with a process slightly modified from that of Lausund 
and Nielsen43. A ZrBDC thin film was deposited by MLD with an acetic acid modulation 
similar to Lausund and Nielsen. The resulting film was pre-heated in an oven to the 
conversion temperature for 10 min and then placed in an autoclave with 4 ml acetic acid 
at 200 °C for 23 h. The pre-heating was done to ensure that no acetic acid could condense 
on top of the film. This procedure led to a complete conversion of ZrBDC to UiO-66 and a 
thickness increase from 200 nm to 7.5 µm. The amount of acetic acid used for the 
conversion was considerably larger than what Lausund and Nielsen43 used in their similar 
process.  When less than 4 ml of acetic acid was used or the conversion time was below 21 
h, the conversion was incomplete. The extensiveness of the conversion was not 
commented in the study by Lausund and Nielsen.43 
In addition to acetic acid used as a modulator in thin film growth, methacrylic acid (McOH) 
and water have been studied as crystal growth promoters. Semrau et al.213 prepared UiO-
66 thin films via a layer-by-layer method by submerging an UV activated silica substrate 
alternately into ethanol solutions of Zr6O4(OH)4(OMc)12 (McO− = H2C=C(CH3)CO2−) and 3 
mM H2BDC at 70°C. The substrate was submerged into each solution for 10 minutes and 80 
deposition cycles were repeated for each film. The substrate was washed with ethanol for 
5 min in between the immersion steps. This deposition process resulted in amorphous thin 
films.  
Crystalline films with thicknesses of 82 to 744 nm were obtained by adding water to the 
H2BDC solution and McOH to both precursor solutions. The amounts ranged from 0-300 
equivalents of McOH and 0-1000 equivalents of H2O with respect to the SBU. The crystalline 
films did not cover the substrates completely but instead formed islands with small (<1 µm) 
spaces in between. The addition of McOH led to thinner and more densely packed films. 
Increased amounts of H2O added resulted in smaller crystallite domains and increased the 
deposited mass. The crystalline films had the predicted stoichiometry, unlike the 
amorphous films synthesized without McOH and water, which had  considerable zirconium 










Conversion reactions of ALD thin films occur when the starting ALD thin film material 
transforms chemically to another material and atoms rearrange. Conversion reactions have 
enabled thin film materials with the properties of ALD without direct ALD. For example, 
some first-row transition metals are typically deposited as nitrides and subsequently 
annealed or reduced to form the metallic film. Additionally, conversion has allowed for the 
crystallization of amorphous thin film materials. Conversion can also alter film morphology, 
may enable the use of a broader selection of substrate materials, and can serve as a 
pathway for removing ALD thin films that cannot be conventionally etched.  
The literature review of this thesis focused on the properties and current preparation 
methods of five selected materials: RuO2, ReO3, Al2O3 grass, ZIF-8, and UiO-66. Their 
synthesis in a thin film form has proven to be immoderately complex, if not impossible, to 
this day. These are materials that could benefit from the properties of ALD, and conversion 
reactions might enable their thin film deposition.  
Even though noble metal thin films are known for their remarkable resistance to oxidation, 
many noble metal oxides have been deposited by thermal ALD.  The processes, however, 
need very careful control of growth parameters. Ruthenium has many viable ALD 
processes, but the deposition of RuO2 has proven to be challenging. ALD would allow for 
crystalline, smooth, and conformal RuO2 thin films but developed processes have been 
observed to be extremely delicate, required long incubation periods and yielded poor 
morphology. Zero metal valence precursors, varying substrate materials, and exceptionally 
long O2 pulses have been examined to solve these issues. Conversion of Ru into RuO2 is an 
appealing concept since the ALD of Ru is more straightforward than that of RuO2. 
Another example of a noble metal oxide that could benefit from conversion reactions is 
ReO3. Rhenium has only one existing ALD process. ReO3 has no published ALD processes, 
but for example mix valent ReO3 thin films have been deposited by magnetron sputtering. 
It has been observed that thin (3-10 nm) Re films react with ambient air to form ReOx but 
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rhenium nitride thin films do not exhibit this behavior. Another problem of these films is 
their nonuniformity. No studies of conversion of ALD Re to ReOx have been published even 
though it could be the missing link between uniform ReO3 films and a facile synthesis route.  
Aluminum oxide is the most studied ALD thin film material due to its almost ideal self-
limiting process and vast number of applications. Despite its great passivation and barrier 
properties, ALD Al2O3 films are vulnerable to corrosion by water. It has been observed that 
if the exposure of alumina films to liquid water is not prolonged, instead of fully corroding 
away, the Al2O3 film converts from flat and smooth to a three dimensional, grass-like film. 
These films have been prepared before by sol-gel and anodic methods for antireflection 
applications, but a conversion of ALD Al2O3 to grass-like alumina has been published as well. 
The causes of the formation of this grass have been conjectured, but no definitive 
conclusions have been reached. 
Metal-organic frameworks are three dimensional frameworks made of metal-containing 
units held together by organic linker molecules. MOFs are usually synthesized in the bulk 
form, but thin film structures enable new features as well as enhance a multitude of MOF 
key abilities. ZIF-8 and UiO-66 are examples of these kinds of MOFs. The synthesis of MOF 
thin films is challenging overall because the growth of this crystalline material needs to be 
promoted on a support.  
A vast majority of ZIF-8 preparation methods are solution-based, but recently films have 
been prepared through vapor phase-based techniques. These methods generally involve a 
few steps, and one of them comprises of converting an ALD ZnO thin film into ZIF-8 by 
delivering 2-methylimidazole vapor on the film. This three-step method produces films 
with excellent conformality on challenging surfaces. The optimization of the conversion and 
capabilities of the film have yet to be explored.  
UiO-66 is typically prepared through draining solvothermal processes and developed 
vapor-based methods have long reaction times (24 h). The vapor-based methods consist of 
gas-phase conversions of zirconium terephthalate hybrid MLD thin films. Direct vapor 
phase conversion of zirconium oxide ALD films could be a simple and reproducible method 
for synthesizing UiO-66 films in the future. 
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Experimental 
6 Experimental Methods 
 
6.1 Atomic Layer Deposition 
 
Thin film depositions were done using a F120 ALD reactor (ASM Microchemistry Ltd) and a 
Beneq TFS 200 ALD reactor. In both reactors, nitrogen gas (AGA, 99.999 %) was used as the 
inert gas, and the pressure during depositions was 5 - 10 mbar. The films were deposited 
on 5x5 cm2 Si(100) substrates in the F120 reactor and on 200 mm Si(100) and Si(111) wafers 
in the TFS200 reactor without the removal of the native oxide. Before use, the substrates 
were blown with compressed nitrogen and the native oxide remained.    
 
6.2 Film Characterization 
 
Film thicknesses were determined using a Film Sense FS-1 Multi-Wavelength ellipsometer 
and X-ray reflectivity (XRR, PANalytical X’Pert Pro MPD). Crystal structure was determined 
by grazing incidence X-ray diffraction (GIXRD) using a Rigaku SmartLab X-ray diffractometer 
(incident angle of CuKα, wavelength 1.54 Å, radiation 1°). High temperature X-ray 
diffraction (HTXRD) measurements were conducted on approximately 1.5x1.5 cm2 samples 
in an Anton-Paar HTK1200N oven connected to the PANalytical X’Pert Pro MPD X-ray 
diffractometer. For non-ambient measurements, the chamber was filled with O2 (AGA, 
99.999 %) or N2 (AGA, 99.999 %) gas up to atmospheric pressure. All XRR and XRD data was 
analyzed with PANalytical Highscore Plus 4.1 and PANalytical X’Pert Reflectivity 1.2a 
software.  
The ZIF-8 to ZnO phase ratios were determined from the XRD data by Rietveld refinement 
using MAUD software.214 For some of the conversions of ZnO films grown on a TiO2 film, 
the TiO2 phase was visible in the diffractograms. In these cases, the ZIF-8/ZnO ratios were 
determined by subtracting the TiO2 phase and calculating the ratio manually.  
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Film morphology and conformality were examined by a Hitachi S-4800 field emission 
scanning electron microscope (FESEM). Before imaging, 4 nm of Au/Pd was sputtered onto 
the samples to improve the image quality. Thermogravimetric analyses (TGA) were 
conducted with a Mettler Toledo Stare system equipped with a TGA 850 thermobalance 
using a heating rate of 10 °C/min in air and N2 at 1 atm. The weights of the samples were 
approximately 10 mg. 
 
6.3 Conversion Reactors 
 
All thin film materials for the conversions were grown on Si. Two custom-made reactors 
were used for the conversions. These reactors are described below. Some of the 
experiments were done in an autoclave (Parr 4744). 
Conversion Reactor Z (Figure 33) consists of two glass vials, A and B, followed by a 
removable connection to a rotary vane vacuum pump. There are hand valves between Vials 
A and B as well as between Vial B and the outlet. Experiments in Reactor Z were conducted 
by placing the precursor in Vial A and the substrates (ALD thin films) in vial B. The substrates 
were cut to pieces of approximately 20x50 mm in order to fit in Vial B. Air was pumped out 
from both Vials A and B independently with the vacuum pump before the experiments. If 
elevated temperatures were required for the experiment, the reactor was placed inside an 
oven after both vials had been evacuated. The experiments were conducted only after the 
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Conversion Reactor Y (Figure 34) consists of two hollow stainless steel vessels, followed by 
an Inficon VGC402 pressure gauge and a connection to a rotary vane vacuum pump. The 
outer diameter of the vessel is 69 mm and the diameter for the indentations inside is 49 
mm. Hand valves are placed between Vessels A and B, between Vessel B and the pressure 
gauge, and between the pressure gauge and the vacuum pump. A hand valve also exists 




Figure 33. An illustration of Conversion Reactor Z. 
A B 
Figure 34. An illustration of Conversion Reactor Y. 
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For conversions, the solid precursor was placed in an aluminum foil boat inside Vessel A 
and two thin film samples were placed inside Vessel B (Figure 35). The films to be converted 
were placed on top of each other inside Vessel B, so that the bottom film was facing 
downwards and the top film upwards. A second indentation in Vessel B allowed for a gap 
between the bottom film and the vessel base. The vessel lids were tightened in place with 
bolts and copper gaskets sealed the pieces together. For reactions requiring both a liquid 
and solid precursor, the reactor was modified so that the pressure gauge was substituted 
by a glass vessel containing the liquid precursor. 
 
Figure 35. A photograph of Conversion Reactor Y with a solid precursor in Vessel A and two thin 
film samples is Vessel B. 
 
The system was pumped down to a base pressure before experiments. Contact between 
precursors and substrates during pumpdown was avoided. The base pressure inside the 
vessels was approximately 0.1-0.3 mbar after pumpdown. Vessels A and B were placed 
inside an oven if temperatures above room temperature were required. The liquid 
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In this section, the conversion of metallic Ru thin films into crystalline RuO2 under ambient 
and O2 atmospheres is studied. The objective is to get smooth and conformal films with a 
simple, one-step conversion. 
First, metallic Ru thin films were deposited with ALD on Si. A 20 nm layer of Al2O3 was 
deposited on Si before the metallic ruthenium film with AlCl3 and H2O as precursors. The 
pulsing sequence consisted of 1 s pulses and purges for both precursors. The role of the 
Al2O3 layer was to aid Ru nucleation and obtain uniform films. Ruthenium thin films were 
subsequently deposited on Al2O3 films with RuCp2 and O2 as precursors. The deposition 
sequence consisted of a 2 s pulse of RuCp2 followed by a 1 s purge, and a 1 s pulse of O2 
followed by a 1 s purge. Both films were grown successively at a deposition temperature 
of 300 °C. 
Nucleation of the Ru ALD films seems to start slowly, and a clear nucleation delay of 
approximately 200 cycles is evident (Figure 36). A GPC of 0.43 Å/cycle was attained after 
the delay. XRD measurements confirmed the films to be hexagonal ruthenium (Figure 37), 
though peaks for the thinnest film were very small. The roughnesses of the resulting films 
were 2.4, 2.2 and 2.6 nm for 46, 20 and 3.4 nm thick Ru films, respectively. SEM images 
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Figure 37. X-ray diffractogram of Ru films with various thicknesses deposited on Al2O3 at 300 °C. 
















































Figure 38. Plan-view SEM images of Ru thin films deposited on Al2O3 at 300 °C. Thicknesses of the 
films were determined as a) 46, b) 20, c) 3.4, and d) <1 nm. 
 
All the HTXRD measurements were conducted under O2 and ambient air conditions. In the 
figures (Figure 39), the grayscale background represents the overall HTXRD measurement. 
The dark lines correspond to peaks that emerged during the measurements. Their darkness 
scales with the intensity of the peaks attained during the measurement at various 
temperatures. The coloured diffractograms labelled with a temperature have been chosen 
as examples from all the measurement points to represent the state of the films at the 
corresponding temperatures.    
Films with Ru thicknesses of 46, 20, and 3.4 nm were heated under ambient air and O2 
atmospheres up to 745-1000 °C to convert them into RuO2.  The thickest 46 nm film seems 
to fully convert to RuO2 at around 650 °C under ambient air and 600 °C under O2 (Figure 
39). The RuO2 film seems to disappear at 700 °C under O2, which suggests it has converted 
into the volatile RuO4 that evaporates away from the substrate. 
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Figure 39. HTXRD measurement under ambient air (a) and O2 (b) of a 46 nm Ru thin film grown on 
Al2O3 at 300 °C. The peaks passing through the entire temperature spectrum at approximately 25, 
35, 37, and 43 degrees correspond to corundum Al2O3, which is an impurity arising from the 
measurement setup (b). 
The 20 nm film seems to fully convert to RuO2 at around 600 °C under ambient air and 550 
°C under O2 (Figure 40). The lower conversion temperature can be expected since the 
thickness is less than half ofthe thicker film. Additionally, the film evaporates at 800 and 
675 °C under ambient air and O2, respectively. This again suggests that the conversion to 
RuO4 has occurred at those temperatures. The thinnest film of 3.6 nm shows only one 
broad Ru peak at the beginning of the measurement (Figure 41). The lack of peak intensities 
is attributed to the thinness of the film. Even so, RuO2 peaks appear at 450 °C, indicating a 
conversion to have taken place. Conversion to RuO4 seems to occur already at 
approximately 575 °C. 
 
Figure 40. HTXRD measurement under ambient air (a) and O2 (b) of a 20 nm Ru thin film grown on 
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Figure 41. HTXRD measurement under O2 atmosphere of a 3,6 nm Ru thin film grown on Al2O3 at 
300 °C. The peaks passing through the entire temperature spectrum at approximately 25, 35, 37, 
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7.2 Rhenium and Rhenium Nitride 
 
The goal of this part of the workwas to obtain continuous ReO3 directly from Re and ReNx 
thin films through a facile conversion reaction. Rhenium and rhenium nitride thin films 
were deposited on 10 nm thick ALD Al2O3 on a Si substrate by Jani Hämäläinen as described 
in further detail in the corresponding article93. Both Re and ReNx films were grown with 
ReCl5 and NH3 as precursors at 375 (ReNx) and 400 °C (Re). The underlying Al2O3 films were 
grown with AlCl3 and H2O as precursors. Film thicknesses are about 22 nm for Re and and 
31 nm for ReNx. 
A newly grown Re film was heated up to 750°C in a N2 atmosphere. HTXRD measurements 
(Figure 42) reveal that no changes in the film happen. This means that Re should not react 
to heat up until 750 °C.  
 
Figure 42. HTXRD measurement under a N2 atmosphere of a 22 nm Re film grown at 400 °C on 
Al2O3. 
It had been previously noted that Re and ReNx films undergo some type of reaction when 
stored under ambient air. Therefore, the newly grown Re film was heated under ambient 
air up to 700 °C in the HTXRD setup (Figure 43). It can clearly be seen that the film 
amorphized or evaporated after 300 °C. As stated in section 4.1.1, Re2O7 sublimes at around 
300°C. The oxide formed here might instead of ReO3 be Re2O7, which directly sublimes off 
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Figure 43. HTXRD measurement under ambient air of a 22 nm Re film grown at 400 °C on Al2O3. 
 
The Re film was also treated under an O3 environment for 1 h at both room temperature 
and 100 °C. The film exhibited very little change in morphology after the room temperature 
treatment (Figure 44b) as compared to the original film (Figure 44a). Conversely, SEM 
images after the treatment at 100 °C (Figure 44c) show that the film continuity had clearly 
suffered, and large crystals had formed. Both films revealed small ReO3 peaks in their XRD 
diffractograms (Figure 45).  The crystals formed on the films are most likely ReO3 crystals, 
which would explain the peaks observed in the XRD measurements. The low intensities of 
the ReO3 peaks after the 100 °C treatment can be explained by the low number of crystals 
and the crystals being more oriented because of the way they have grown on the film. 
 
 
Figure 44. SEM images of a 22 nm Re film grown on Al2O3 at 400 °C (a) after a treatment under 
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Figure 45. X-ray diffractograms of a 22 nm Re film grown on Al2O3 at 400 °C after a treatment 
under ozone at room temperature (top) and 100 °C (bottom) for 1 h. 
 
The same treatments under ozone were repeated on a 31 nm ReNx film grown at 375 °C. 
At room temperature, the ReNx film cracked only from where crystals began to grow (Figure 
46a) while holes in the film are present throughout the whole film after the ozone 
treatment at 100 °C (Figure 46b,c). Again, XRD showed small ReO3 peaks for both films.  
 
 
Figure 46. SEM image of a 31 nm ReNx film grown at 375 °C on Al2O3 after a treatment under 
ozone at room temperature (a) and 100 °C (b,c) for 1 h. 
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To see the effects of humidity on the Re thin films, a 22 nm Re film was placed under a 
relative humidity of 94-98 % at room temperature. After 24 h no change was visually 
observed, so the film was taken out only after 7 days. SEM images of the film before and 
after this treatment (Figure 47 a and b) showed that relatively large crystals had formed on 
the film and the film continuity had deteriorated much like the Re films treated under 
ozone. The XRD diffractogram again displayed low intensity ReO3 peaks. 
 
 
Figure 47. SEM image of a 22 nm Re film grown at 400 °C on Al2O3 before (a) and after (b) 
treatment under 94-98 % relative humidity at room temperature for 7 days. 
 
The 24 nm ReNx film on Al2O3 was coated with a 10 nm layer of Al2O3 in an attempt to 
prevent any evaporation of the film under the HTXRD examination.  The film was heated 
up to 600-625 °C under ambient air (Figure 48a) and O2 (Figure 48b). The ReNx film 
thermally decomposes to form hexagonal Re. In both atmospheres, the film converts to 
hexagonal Re around 475 °C. Clearly, the Al2O3 film protects the ReNx film from oxygen and 
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Figure 48. HTXRD measurement under ambient air (a) and O2 (b) of a 24 nm ReNx film grown at 






















In this section, the conversion of zirconium oxide ALD thin films to UiO-66 through a single-
step reaction with terephthalic acid (TPA) and acetic acid is examined. The effect of the 
original film crystallinity to the conversion was also to be examined. Unless stated 
otherwise, the conversions were carried out in Conversion Reactor Y. 
Thermogravimetric analysis revealed that TPA starts to vaporize at around 250 °C and has 
evaporated completely by 350 °C (Figure 49). Consequently, the conversions were carried 
out at 250°C and 300°C.  
 
Figure 49. Thermogravimetric analysis of terephthalic acid. 
 
Weakly crystalline ZrO2 films grown with Zr(Cp)(tBuDAD)(OiPr) and O3 as well as 
Zr(Me5Cp)(TEA) and O3 as precursors, as in in the work of Seppälä215, with thicknesses 
ranging from 6 to 60 nm, were placed under TPA vapor. The conversion times ranged from 
1 to 18 h and temperatures from 250 to 300 °C. No change was observed in any of the films.  
Previous studies have confirmed acetic acid to aid the reaction. For example, Lausund and 
Nielsen43 found that introducing acetic acid to their vapor phase UiO-66 process steered 
the bonding scheme from mono- to bidentate and treatment under acetic acid vapor 
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crystallized amorphous UiO-66 films. Crystalline, weakly crystalline (16-40 nm), and 
amorphous (50-64 nm) ZrO2 thin films were placed in the conversion reactor with TPA and 
acetic acid. The reactions took place at 300 °C for 4-68 h. Both the crystalline and weakly 
crystalline ZrO2 films were grown with Zr(Me5Cp)(TEA) or Zr(Cp)(tBuDAD)(OiPr) and O3 as 
precursors at 250, 350, or 400 °C 215. The amorphous ZrO2 films were grown with 
ZrMeCp(TMEA) and O3 as precursors at 200 and 250 °C215. Only the amorphous ZrO2 films 
exhibited visual changes after 7 h (Figure 50). Consequently, a 64 nm amorphous ZrO2 film 
was exposed to TPA and acetic acid at 250 °C for 68 h (Figure 50). The resulting film 
appeared visually much darker and matte than the original ZrO2 film, but XRD 
measurements revealed the film to have remained amorphous. SEM images revealed 
bubble-like disturbances in the morphology (Figure 51). A 51 nm amorphous ZrO2 film 
exposed to TPA and acetic acid at 250 °C for 68 h demonstrated similar mattifying without 
a change in crystallinity. The attempted conversion reaction of ZrO2 to UiO-66 can be 
written as: 
 
6𝑍𝑟𝑂2  +  6𝐻2𝐵𝐷𝐶(𝑔) 
         
→   𝑍𝑟6𝑂4(𝑂𝐻)4(𝐵𝐷𝐶)3 + 4𝐻2𝑂(𝑔) 
 
The bubbles on the mattified amorphous ZrO2 might have formed due to H2O(g) trying to 
escape from the film, indicating that a reaction of some degree had occurred. 
Crystallization of both mattified films was attempted in an autoclave with ∼0,1 ml of acetic 
acid at 160 °C for 24 h, but no change in crystallinity was achieved. Lausund and Nielsen 
crystallized amorphous UiO-66 with a similar treatment.43 Additionally, amorphous ZrO2 
grown with Zr(Me5Cp)(TEA) and O3 as precursors at 250  °C, with thicknesses of 7 and 17 
nm, were placed into an autoclave with 0,5 ml THF and 2,5 ml acetic acid in DMF. The 
autoclave was sealed for 4 h at 250 °C. There was no change in the visual appearance of 
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Figure 50. A 64 nm amorphous ZrO2 film exposed to TPA and acetic acid at 250 °C for 68 h (left) 
and the same film exposed to TPA and acetic acid at 300 °C for 7 h (right). 
 
 
Figure 51. SEM image taken at a 45° angle from a 64 nm amorphous ZrO2 film exposed to TPA and 













The objective of this work was to fabricate continuous ZIF-8 thin films on Si via one-step 
conversions of an ALD ZnO thin films under 2-methylimidazole (99.9 %, Sigma-Aldrich) 
vapor. The experiment setup was designed so that the ZnO film was not in the same vessel 
as the solid 2-methylimidazole (HmIM).  
ZnO thin films were grown on Si at 250 °C with diethylzinc (DEZ) and H2O as precursors. The 
sequence for ZnO film growth consisted of 1 s DEZ pulse and 2 s purge, followed by 1.5 s 
pulse of H2O and 3 s purge. A layer of either TiO2 (T-ZnO) or Al2O3 (A-ZnO) was deposited 
at 250 °C before the ZnO film to improve ZIF-8 adhesion and uniformity (Figure 52). 
Trimethylaluminum and H2O were used as precursors for the Al2O3 films, and the TiO2 films 
were grown with titanium tetrachloride and H2O as precursors.   
 
 
The thicknesses of the TiO2 films were 20 ± 1 nm and 8-20 nm for Al2O3. Growth rates of 
ZnO were found to be 1.1 Å/cycle on Al2O3 (Figure 53) and 0,47 Å/cycle on TiO2 (Figure 53). 
The thicknesses of ZnO films on Al2O3 could not be accurately measured through XRR 
measurements due to a density profile in the ZnO layer. However, the error is not 
Figure 52. An illustration of the different steps taken for the deposition of ZIF-8 thin films. First, 
a TiO2 or Al2O3 thin film was grown on a Si(100) substrate. Next, a ZnO thin film was deposited 
on the TiO2 and Al2O3 films. Finally, the ZnO films were converted to ZIF-8 under HmIM vapor. 
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significantly large. All conversions to ZIF-8 as the target material were done with 
Conversion Reactor Y. T-ZnO and A-ZnO films were converted in the same experiment each 
time to obtain comparable results.  
 
 
The boiling point of HmIM is 270 °C. Thermogravimetric analysis revealed that HmIM starts 
to vaporize at around 150 °C and has evaporated completely by 210 °C (Figure 54). 
Consequently, the conversions were carried out at 150 and 200 °C. Conversion reaction 
times were varied between 30 min and 2 h. Thicknesses of ZnO films before conversion 
ranged from 2.7 to 65 nm for A-ZnO films and 0.6-5.4 nm for T-ZnO films.  





















Growth rate of ZnO on TiO2 at 250 degs,
TiO2 thickness 20 nm
Figure 53. ZnO film thickness as a function of ALD cycles at 250 °C on TiO2 (left) and Al2O3 (right). 














Figure 54. Thermogravimetric analysis of 2-methylimidazole. 






















Growth rate of ZnO on Al2O3 at 250 degs,
Al2O3 thickness 4-20 nm






















Growth rate of ZnO on Al2O3 at 250 degs,
Al2O3 thickness 4-20 nm
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Figure 55 shows SEM images of initial T-ZnO (Figure a, thickness 5.4 nm) and A-ZnO (Figure 
55 c, thickness 7.1 nm) films together with the same films after the conversion at 200 °C 
for 30 min (Figure 55 b and d). In both films, an evident and similar change in morphology 
to the ZIF-8 structure can be observed. The resulting ZIF-8 thin film on the Al2O3 adhesion 
layer appears to have a more uniform morphology than the ZIF-8 on TiO2. As estimated 
from ZnO and ZIF-8 peak ratios in XRD using Rietveld refinement, the T-ZnO film has 
undergone a 88 % and the A-ZnO film a 91 % conversion to ZIF-8. Visually, the ZnO films 








c)  d)  
Figure 55. Top-down SEM images of ZnO thin films deposited on a) TiO2 and c) Al2O3 
followed by conversion to ZIF-8 at 200 °C for 30 min (images b) and d), respectively). Image 
a) ZnO film thickness 5.4 nm and c) 7.1 nm.  
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Full conversion of ZnO to ZIF-8 on Al2O3 and TiO2 was achieved after 2 h at 200 °C, as 
evaluated from the ZnO and ZIF-8 peak ratios in XRD using Rietveld refinement (Figure 57). 
Conversion of A-ZnO to ZIF-8 after 2 h is at 98 %, but the film has most likely converted 
fully. Due to the nature of the Rietveld refinement, extremely small ZnO XRD peaks cannot 
be fitted accurately. The shortest reaction time, 30 min, led to roughly 90 % conversions at 
200 °C. The initial film thicknesses for T-ZnO and A-ZnO were 3.1 and 7.1 nm, respectively. 
 
 
Figure 57. Proportion of ZnO converted to ZIF-8 with HmIM at 200°C as a function of time as 
analysed by Rietveld refinement of the XRD diffractograms. The error of the Rietveld 
refinement was approximated as 4%. 


















Conversion% vs time at 200 deg T-ZnO 3.1 nm A-ZnO 7.1 nm
Figure 56. A photograph of a 33 nm A-ZnO thin film before (left) and after (right) 
conversion to ZIF-8 at 200 °C for 2 h.  
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When evaluating the effect of the initial ZnO film thickness to the advancement of the 
conversion reaction, a clear trend can be seen. Diffractograms of A-ZnO films with various 
initial thicknesses subjected to the ZIF-8 conversion for 30 minutes at 200 °C show a clear 
decrease of ZnO peaks the thinner the initial film is (Figure 58). Rietveld analyses from these 
diffractograms indicate the conversion reaction to progress in a linear manner at later 
stages (Figure 59). These Rietveld analyses agree with the ones shown in Figure 57 for 
varying the reaction time for both A-ZnO and T-ZnO films. By extrapolating from these 
graphs, the reaction appears to progress at a faster rate during the initial stages of the 
conversion. The conversion percentage of the film with an initial ZnO thickness of 11 nm in 
Figure 59 deviated somewhat from the trend of the other samples for unknown reasons. 
Nevertheless, a clear linear conversion trend can be seen. This trend concurs with the 
observations made by Holopainen at al.52 who discovered that the conversion reaction 











Figure 58. XRD diffractograms of A-ZnO films of various thicknesses converted to ZIF-8 at 
200 °C for 30 minutes. 
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SEM images of some of the ZIF-8 films resulting from the conversions are presented in 
Figure 60 and indicate that the ZIF-8 crystals coalesce and start to grow larger at arbitrary 
sites when  the conversion progresses and available space on the substrate runs out. The 
initial ZnO film thickness does not appear to affect the crystal size at equal reaction times.                    
Figure 59. Proportion of A-ZnO film converted to ZIF-8 as a function of initial ZnO thickness 
after conversion for 30 minutes at 200 °C. 






















thickness vs con% with 200 degrees for 30 min on ALO
a) b) 
c) d) 
Figure 60. SEM images taken at 45° from A-ZnO films with thicknesses of a) 65, b) 33, 
c) 11 and d) 7.1 nm converted to ZIF-8 at 200 °C for 30 minutes. 
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Conversion reaction experiments were also conducted at 150 °C for 30 min for ZnO on 
Al2O3. This resulted in 23 % and 32 % conversions with the initial A-ZnO thickness of 65 and 
33 nm, respectively. Compared to 200 °C, the conversions at 150 °C advance slower (Figure 
61). The thicker ZnO film was twice the thickness of the thinner film, yet the proportion of 
the converted film is not double for the thinner film. This supports the interpretation of the 
reaction not progressing in a linear manner during the initial stages.  
 
 
The morphologies of the films converted at 150 °C (Figure 62) are significantly more 
uniform than those of the same A-ZnO films converted at 200 °C for 30 min (Figure 60). 
Comparing the conversions at 200 and 150 °C, it further seems that the ZIF-8 crystals form 
with uniform size at the beginning of the conversion and then coalesce to larger crystals. 
This is in agreement with Stassen’s et al. observations on longer reaction times leading to 
ZIF-8 crystal ripening.177 The uniformity of the crystal size after the 150 °C conversion could 
also be a consequence of a smaller nucleation density at lower temperatures, resulting in 
more space to grow per crystal.    
 
 
Figure 61. Comparisons of portions of A-ZnO with initial thicknesses of 65 nm (green) and 
33 nm (blue) converted to ZIF-8 at 150 °C and 200 °C for 30 min. 
 
 









Compared with TiO2, Al2O3 seems to be a better adhesion layer for the ZIF-8 growth. Figure 
63a and b show SEM images of ZIF-8 films after the conversion at 200 °C for 30 min with a 
7.0 nm A-ZnO and a 5.4 nm T-ZnO as the original films. The fractions of converted film for 
T-ZnO and A-ZnO were 88 % and 91 %, respectively. Figures 63c and d present SEM images 
of ZIF-8 films after the conversion at 200 °C for 1 h with 7.0 nm A-ZnO and 3.1 nm T-ZnO as 
the original films. The fractions of converted film in this case for T-ZnO and A-ZnO were 92 
% and 93 %, respectively. In both cases, the ZIF-8 on Al2O3 appears smoother and more 
uniform. The initial 3.1 nm T-ZnO film (Figure 63d) appears to be too thin for complete ZIF-
8 coverage of the substrate after the conversion. Even so, the ZIF-8 film on Al2O3 displays a 
uniform morphology.  
Figure 62. SEM images taken at 45°of A-ZnO films with initial thicknesses of a) 65 and b) 33 








Adhesion properties of the ZIF-8 films on Al2O3 with the initial ZnO thicknesses of 33 and 
65 nm were briefly assessed with the Scotch tape adhesion test (Figure 64). Both films had 
undergone conversion at 200 °C for 30 min. Although it first seems that the ZIF-8 film with 
the higher initial ZnO thickness of 65 nm (Figure 64a) had delaminated completely, the SEM 
image (Figure 64c) shows that a major part of it remained on the substrate. Only some of 
the larger crystals appear to have delaminated. The ZIF-8 film with the lower initial ZnO 
thickness of 33 nm (Figure 64d,e,f)  experienced more severe delamination. This film has 
larger ZIF-8 crystals, but some of the larger crystals as well as most of the whole film 




Figure 63. Plan-view SEM images of a 7.0 nm A-ZnO (a) and a 5.4 nm T-ZnO (b) converted to 
ZIF-8 at 200 °C for 30 min. SEM images taken at 45° of a 7.0 nm A-ZnO (c) and 3.1 nm T-ZnO 














Figure 64. Photograph (a) and SEM images taken at 45° of a 65 nm A-ZnO converted to ZIF-
8 before (b) and after (c) a Scotch tape adhesion test. Corresponding photograph (d) and 







Before adhesion test Before adhesion test 
After adhesion test After adhesion test 
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Various ZIF-8 films were stored under ambient conditions for one year to examine their 
stability. ZIF-8 films with initial A-ZnO and T-ZnO thicknesses of 7.0 and 3.0 nm, 
respectively, converted at 200 °C for 1 h are taken as examples of the changes occurred 
during this time. Significant changes in the crystal structure of both films can be observed 
in SEM images (Figure 65) taken directly after the conversion and one year later. 
Diffractograms of these films (Figure 66) concur with the SEM images: the films have not 
endured the storage and have turned amorphous. The same had also happened with the 
films converted in 200 °C for 2 h and 30 min.  
The films have possibly reacted with air moisture and CO2. There has been some debate 
about whether ZIF-8 is stable in water, but for example Leus et al.216 found that although 
ZIF-8 survived hydrothermal stability tests without structural degradation, new diffraction 
peaks appeared in powder XRD when ZIF-8 was stored in air at room temperature for two 
months. These peaks were assigned to hydrolytic degradation products of ZIF-8 which are 
formed due to chemical reactions of the framework with CO2 in the presence of water. 
 
               
Figure 65. SEM images taken at 45° of ZIF-8 films converted at 200 °C for 1 h. Images a and b 
correspond to films with an initial A-ZnO thickness of 7.0 nm imaged directly after the conversion 
(a) and one year after the conversion (b). Images c and d correspond to the initial T-ZnO thickness 


















































after treatment in 200°C for 1 h TiO



























after treatment in 200°C for 1 h ALO
Figure 66. Diffractograms of ZIF-8 films converted at 200 °C for 1 h. The initial A-ZnO 
thickness 7.0 nm (right) and T-ZnO thickness of 3.0 nm (left). The unidentified peaks at 30-
35° in the right diffractogram are believed to belong to ZIF-8. 
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7.5 Aluminum Oxide 
 
The conversion of smooth Al2O3 thin films to a grass-like Al2O3 morphology is described in 
this section. The aim of these experiments was to explore some of the causes and 
applications of this conversion.  
To confirm that the conversion reaction from smooth alumina to grass-like alumina 
previously observed by Isakov137 (described in section 4.2.1) occurs only when Al2O3 thin 
films are contacted with liquid water, an Al2O3 thin film with a thickness of 92 nm, 
deposited with TMA and H2O as precursors at 250 °C, was placed in Conversion Reactor Z. 
All the water-treated films in this section were blown dry with a nitrogen gun after the 
experiments. Deionised water (4 ml) was used as the reactant and reaction temperatures 
were 90, 95 and 109 °C. The film was exposed to water vapor from 18 to 26 h. No changes 
were visible in the film after these experiments in vacuum (<0.5 mbar) or air pressure. The 
film was also placed in Conversion Reactor Y at 300 °C and 0.15 mbar for 4 h. No changes 
were observed on the film. 
The Al2O3 film was placed inside the autoclave together with deionised water at both 90 
and 95 °C for 24-72 h. The results were inconsistent; small, silvery spots were formed on 
the film after 43 h of treatment at 90 and 95 °C (Figure 67), but no changes were visually 
observed in separate treatments at 95 °C for 24 or 72 h. There was a significant thickness 
change from 92 to 162 nm for the film treated for 43 h at 90 °C. The thicknesses of the 
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Figure 67. Photograph of an Al2O3 thin film with a thickness of 92 nm before (a), and after a 43 h 
treatment in deionised H2O vapor in an autoclave at 95 (b) and 90 °C (c). 
SEM (Figures 68a-f) revealed the silvery spots to look like droplets with a grass-like 
morphology at the edges. Centers of the droplets appeared to have dissolved, leaving 
cavities in the film. The spots are a result of small water droplets condensing on the film in 
the autoclave. This was confirmed by pipetting water droplets onto the film at 95 °C. The 
droplets were left on the film for 90 h in a 95 °C oven. A morphology similar to the small, 
silvery spots formed in the autoclave experiments were revealed in SEM images taken from 
the center of the droplets.  
 
Figure 68. SEM images of an Al2O3 thin film with a thickness of 92 nm before (a), and after (b-f) a 
43 h treatment with H2O vapor in an autoclave at 90 °C. Figures c-f are magnified images of the 
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The 92 nm Al2O3 film was then submerged in 20 ml distilled water at 10 °C intervals from 
40 to 90 °C for 30 min to observe the effect of the temperature of the water on the 
behaviour of the film. At 40 and 50 °C, no changes were visually observed on the film. From 
60 to 90 °C, the films changed from mirror-like blue to a lighter, matte milky color. Figure 
69 shows an image of a 200 nm Al2O3 film after immersion in water at 70 °C for 30 min. All 
the lines on the film have come from it facing down on a cleanroom paper while in storage. 
All the converted films had clear marks on them on areas that they have been handled 
from. This is caused by the grass-like featured collapsing under the pressure of mechanical 
stress. At 95 °C, the film had dissolved in 3 days. 
 
Figure 69. A photograph of a 200 nm Al2O3 film grown with TMA and H2O as precursors at 250 °C 
after treatment in water at 70 °C for 30 min. 
 
To compare if the precursors used for the Al2O3 deposition influenced the formation of the 
grass-like morphology, an Al2O3 film with a thickness of approximately 100 nm, grown with 
AlCl3 and H2O as precursors at 300 °C, was also immersed in 60 °C deionised water for 30 
min. To explore the speculations of Isakov137 regarding the grass-like film to form due to 
the combination of the high surface tension of water and blow-drying the film (section 
4.2.1), Al2O3 films deposited with both precursor variations (AlCl3 and TMA) were immersed 
in 60 °C deionised water for 30 min, drenched in ethanol immediately after coming out of 
the water bath, and then blow-dried. The surface tension of ethanol is significantly lower 
than that of deionised water.217  
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The film morphology transformations were equal, as can be seen from Figure 70. Both films 
converted to grass-like films, so the surface tension of water most likely does not affect the 
formation of the Al2O3 grass. Figures 70c and d display the significant thickness changes 
that took place on the films: the film grown with AlCl3 thickened from approximately 100 
nm to 500 nm and the one grown with TMA from approximately 92 nm to 700 nm. Figure 
70d shows that the transformation extends throughout the whole film, since the view is 
from underneath the film due to a piece of the grass-like film delaminating from its 
substrate. XRD revealed the amorphous Al2O3 to have at least partially crystallized (Figure 
71), and the broadness of the peaks suggests a nanocrystalline structure. The peaks could 
not be certainly designated to any phases or compounds but were closest to a variety of 
aluminum hydroxides. The presence of hydroxides could be verified with FTIR, for example. 
 
        
      
 
Figure 70. SEM images of Al2O3 films after immersion in water at 60 °C for 30 min taken at plan-
view (a,b) and from a fractured cross-section angle (c,d). Precursors for Al2O3 thin films were AlCl3 
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Figure 71. XRD of Al2O3 films after immersion in water at 60 °C for 30 min. Precursors for Al2O3 
thin films: TMA and H2O (top), AlCl3 and H2O (bottom). 
 
An Al2O3 film grown with TMA and H2O at 250 °C with a thickness of approximately 20 nm 
was submerged in 70 °C DIW for 30 min. The resulting grass-like film was subsequently 
heated up to 1200 °C in air. HTXRD measurements (Figure 72) display no significant changes 
in the nanocrystalline structure of the film until it is cooled from 1200 °C back to 25 °C. The 
diffractogram surprisingly shows that the film has crystallized into corundum. SEM images 
(Figure 73) show that the structure of the grass-like film has, however, not changed 
significantly. The only apparent change is a slight porosity on the grass structure. However, 
due to the crystallization occuring only during cool-down and no observed apparent 
changes in the grass-like structure itself, it cannot be ruled out that some Al2O3 from the 
HTXRD equipment might have fallen on the sample.  
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Figure 72. HTXRD measurements of a grass-like Al2O3 film heated up to 1200 °C in air. The curve 
25 °C (1) represents the diffractogram taken at the start of the measurement and 25 °C (2) 
immediately after cooling down the film from 1200 °C to 25 °C. 
 
 
Figure 73. SEM image taken at 45° angle of a grass-like Al2O3 film after being heated to 1200 °C in 
air.  
 
A 20 nm Al2O3 thin film was converted to grass-like Al2O3 by submerging it in 70 °C water 
for 30 min. This structure (Figure 74a) was then coated with TiO2 to examine if the grass 
could serve as a 3D substrate for other ALD films, or if it would disintegrate under typical 
ALD process conditions. TiCl4 and H2O precursors and a deposition temperature of 250 °C 
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were used to coat the grass with an approximately 40 nm TiO2 film (Figure 74b). The grass 
structure clearly has not collapsed during this process and might even be completely intact 
under the TiO2 film. However, the TiO2 film has not grown uniformly on this structure. 
Uniform deposition of the TiO2 on the grass-like structure can be tricky since some of the 
pores in the structure may be inaccessible. Additionally, the pulse and purge times were 
not optimized at all and the thickness of the TiO2 coating was quite high compared to the 
substrate dimensions, which also affect the uniformity of the film significantly. 
 
 
Figure 74. SEM images taken at a 90° angle of a 20 nm Al2O3 thin film converted to grass-like Al2O3 
by submerging it in 70 °C water for 30 min (a) and the same film coated with 40 nm TiO2 (b). 
 
Conversion of ZnO thin films to ZIF-8 was also attempted on this 3D substrate. First, a 20 
nm Al2O3 film was converted to a grass-like structure by submerging it in 70 °C water for 30 
min. This film was then coated with about 10 nm of ALD ZnO. The ZnO-coated Al2O3 grass 
was placed in Conversion Reactor Z under HmIM vapor at 200 °C for 2 h. SEM images reveal 
that the film has indeed converted to ZIF-8 (Figure 75). Unfortunately, the Al2O3 grass has 
been crushed at least partly underneath the large ZIF-8 crystals. This could possibly be 
avoided by depositing an extremely thin (<2 nm) ZnO film on the grass before the 
conversion to ZIF-8. This way the final crystal size would not be so unequal in size to the 
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Figure 75. SEM images taken from (a) a 90° angle and (b) plan-view of a ZIF-8 film made by 















Conversions of ALD Ru to RuO2, Re to ReO3, ZrO2 to UiO-66, ZnO to ZIF-8, and Al2O3 to a 
grass-like structure by simple reactions were explored. The conversion experiments were 
done in an autoclave, two in-house built conversion reactors, and a simple beaker with 
water.  
Ru thin films of various thicknesses were successfully converted to RuO2 through a one-
step conversion process under ambient air and O2 atmospheres. The roughness and 
continuity of the RuO2 films must be assessed by heating them only until the conversion 
has fully occurred and analysing them. Suitable methods for the analysis include SEM, AFM, 
and XRR, for example. Although the conversion temperatures appear to be quite high (400-
600°C), O2 atmosphere should be used and starting Ru film thicknesses reduced to match 
the applications mentioned in section 4.1.1, consequently bringing down the required 
temperatures. If the morphology of the converted films does not meet the expectations, 
different heating rates and oxidizing atmospheres should be explored.  
Re and ReNx films start converting to ReO3 already at room temperature under ozone and 
high humidity. The oxide seems to form large crystals that crack out of both films. This is 
problematic since film continuity is damaged. In the 100 °C ozone treatment the film visibly 
cracked more than in the room temperature treatments. The next step should be exploring 
even milder reaction conditions, such as room temperature and an O2 environment or 
elevated temperatures and a H2O environment, and longer conversion durations, such as 
24-48 h, to see if this would result in betterfilm morphology. 
The conversion of zirconium oxide compound ALD thin films to UiO-66 through a single-
step reaction with terephthalic acid and acetic acid was unsuccessful. Thin films of 
zirconium oxides were placed under the acid vapors at 250 and 300 °C for 1-18 h without 
any observable changes. The conversion of various zirconium compound thin films with 
different crystallinities (amorphous, weakly crystalline, crystalline) and thicknesses were 
placed under terephthalic acid and acetic acid the 300 °C for 4-68 h. The amorphous films 
exhibited some changes in their visual appearance after 7 h, and SEM images revealed 
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bubbles in the films. The films had, however, not crystallized, and crystallization attempts 
with additional acetic acid were unsuccessful. 
The ALD-deposited ZnO thin films on Al2O3 and TiO2 were successfully completely 
converted to ZIF-8 upon a treatment under HmIM vapor at 200 °C for 2 h. This is a one-step 
conversion for ZIF-8 films with accurate initial ZnO film thickness control. Conversions at 
200 °C with both A-ZnO and T-ZnO films yielded >90 % ZIF-8 for ZnO films below 10 nm in 
thickness for all conversion times. At first, nucleation of ZIF-8 crystals takes place at random 
sites on the substrate. Nucleation density seems to be smaller at lower conversion 
temperatures (150 °C). After the initial crystal growth, the crystals coalesce and start to 
grow larger at arbitrary sites when available sites on the substrate run out. At later stages, 
the conversion seems to progress in a linear manner through the ZnO film. The conversion 
reaction seems to progress with a higher rate at higher (200 °C) temperatures. The largest 
crystals delaminated in a tape test. Compared with TiO2, Al2O3 seems to be a better 
underlayer for ZIF-8 growth.  
To gain a better understanding of the ZIF-8 conversion reaction, more experiments must 
be conducted. ZnO films could be deposited at lower temperatures (150-200 °C) on both 
adhesion layers to improve growth rates. Conversion of thicker ZnO films (>50 nm) should 
be attempted and an optimal conversion temperature looked for. As mentioned in section 
4.4.1, water plays an important role in this conversion. Small amounts of water could be 
implemented to this conversion to see if this influences the reaction rate. Adhesion tests 
should also be conducted on TiO2-based ZIF-8 films.  
Grass-like alumina turned out to be a three-dimensional structure with outstanding heat 
resistance. It is formed through a reaction between liquid H2O and Al2O3 thin films. Any 
reaction with water vapor was ruled out. Suitable Al2O3 films can be grown at least with 
AlCl3 or TMA together with H2O as precursors and have thicknesses of 20-200 nm. The 
optimum conversion conditions were 60 and 70 °C and 30 min. No reaction was observed 
at lower temperatures for this conversion time. The conversion reaction is simple and does 
not require any complicated setups or rare precursors. Therefore, the suitability of this 
method should be further studied for applications such as antireflective coatings. The 
structure can possibly also serve as a 3-dimensional substrate for applications requiring 
high surface areas. The grass-like Al2O3 structure was successfully coated with TiO2 as well 
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as ZnO, and the conversion of the ZnO thin film to ZIF-8 was attempted on this 3D substrate. 
The alumina grass unfortunately collapsed under the large ZIF-8 crystals. An extremely thin 
(<2 nm) ZnO thin film should be deposited on the grass to see if the structure could support 
smaller ZIF-8 crystals. 
This thesis demonstrated various possibilities of conversion reactions of ALD thin films. 
Several conversions were successful, yielding thin films of promising materials. Others, on 
the other hand, were not as successful. These are representative examples of how 
conversions can be extremely simple in principle but require effort while being studied and 
optimized. The road to utilizing conversion reactions to obtain certain thin film materials 
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